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FOREWORD

Opinions, interpretations, conclusions and recommendations are
those of the author and are not necessarily endorsed by the U.S.
Army.

Where copyrighted material is quoted, permission has been
obtained to use such material.

Where material from documents designated for limited
distribution is quoted, permission has been obtained to use the
material.

W Citations of commercial organizations and trade names in
this report do not constitute an official Department of Army
endorsement or approval of the products or services of these
organizations.

•_LIn conducting research using animals, the investigator(s)
adhered to the "Guide for the Care and Use of Laboratory
Animals," prepared by the Committee on Care and use of Laboratory
Animals of the Institute of Laboratory Resources, national
Research Council (NIH Publication No. 86-23, Revised 1985).

ýýA-7 For the protection of human subjects, the investigator(s)
adhered to policies of applicable Federal Law 45 CFR 46.

&• In conducting research utilizing recombinant DNA technology,tWe investigator(s) adhered to current guidelines promulgated by
the National Institutes of Health.

* In the conduct of research utilizing recombinant DNA, the
iestigator(s) adhered to the NIH Guidelines for Research
Involving Recombinant DNA Molecules.

£•In the conduct of research involving hazardous organisms,
*theinvestigator(s) adhered to the CDC-NIH Guide for Biosafety in
Microbiological and Biomedical Laboratories.
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INTRODUCTION

The goal of the project was to understand more about how Bax functions.
Bax is a pro-apoptotic protein which plays an important role in tumor
responses to chemotherapy and radiation. This protein shares structural
homology with the pore-forming domains of certain bacterial toxins,
suggesting it may promote cell death through a pore- or channel-based
mechanism.

The Bax protein is expressed in normal mammary epithelium. Our
laboratory had shown that Bax expression is lost in about one-third of breast
cancers (1, 2). In women with metastatic breast cancer, loss of Bax expression
is associated with poor responses to chemotherapy and shorter overall
survival (1).

We had discovered that Bax not only kills human cells but when expressed in
yeast, it similarly conferred a lethal phenotype (3, 4).

We, therefore, sought to exploit the power of yeast genetics to identify
downstream efforts or upstream regulators of Bax, in hopes that this
information would permit us to develop strategies for restoring the Bax
pathway for cell death in breast cancers.



RESULTS

Five specific tasks were proposal and work was performed on all of fhem,
resulting in successful completion of 4 of 5.

Task #1. Use yeast two-hybrid library screening methods to identify yeast
proteins that bind to Bcl-2 and Bax, particularly asking whether yeast contain
homologs of Bcl-2 and Bax.

Yeast libraries were screened by the two-hybrid method in attempts to identify
yeast proteins that bind to either Bcl-2 or Bax. None were found.

Task #2. Clone yeast and mammalian genes that can suppress the lethal
phenotype of Bax in yeast.

Human tumor cDNA libraries were screened for suppressor of Bax. A novel
human gene was thus discovered, which we termed Bax-Inhibitor-1 (BI-1).
The predicted BI-1 protein contain at least 6 apparent transmembrane
domains which share some similarity to ion-channels. The BI-1 protein is
evolutionarily conserved, with close homologs in rats, mice, C. elegans, and
plants, implying an important function. Immunolocalization experiments
revealed that BI-1 is primarily located in the endoplasmic reticulum. BI-1
forms complexes with the anti-apoptosis proteins Bcl-2 and Bcl-XL, in co-
immunoprecipitation and crosslinking experiments. When over-expressed
in human epithelial cancer cell lines, BI-1 suppressed apoptosis induced by
several stimuli. Conversely, antisense BI-1 induced apoptosis in these cells.

The findings thus establish BI-1 as a novel anti-apoptotic protein. A detailed
report of the cloning and functional characterization of BI-1 was published in
(5) (reprint attached). Methods, results and figures with legends follow below:



Hesu'ts

cDNA Cloning of Human BI-1 which share only 23% identity in their amino acid se-

A yeast strain (0X95001) was constructed by trans- quences. The putative Arabidopsis homolog (EMBL

forming the Bax-expression plasmid YEp5i-Bax, en- #Z97343) is 261 residues in length, sharing 29% amino

coding the full-length mouse Bax protein under the con- acid sequence identity (45% similarity) with the human

trol of the galactose-inducible yeast GAL10 promoter BI-1 protein.

(Zha et al., 1996), into strain BF264-15Dau (Lew et al., Based on Kyte-Doolittle hydropathy analysis (Kyte

1991).These yeast cells died upon transfer from glucose and Doolittle, 1982), the B3-1 protein is predicted to

to galactose-containing medium, which induces the contain 6 or 7 transmembrane (TM) domains. The C

GAL10 promoter in this plasmid and leads to accumula- termini of the mammalian BI-1 proteins are comprised

tion of Bax protein in yeast (Zha et al., 1996). A human of basic amino acids resembling some nuclear targeting

HepG2 cDNA expression library (Lew et al., 1991) was sequences (Dingwall and Laskey, 1991), but otherwise
transformed into the QX95001 strain and screened for the predicted proteins lack motifs that suggest a func-

tion. Of note, BI-1 does not contain any of the conserved
Sax-resistant transformants by plating on galactose-BHdmisoBc-falypten.ysarhga

containing solid medium. From a screen of '-106 trans- BH domains of Bcl-2 family proteins. By searching a

formants, 17 displayed Bax resistance. Of these, 4 were TMpred program (Hofmann and Stoffel, 1993), the most

determined to be dependent on the introduced cDNA- favored membrane topology for mammalian 1 I-i is with

library plasmid by "con-commitant-loss" assay (Ausubel 6 membrane-spanning domains and both the N and C

et al., 1991). The nucleotide sequences of 3 of these termini oriented toward the cytosol The putative trans-

cDNA clones encoded the same protein, designated membrane segments are predicted to assume mostly an
131-1, for Sax Inhibitor-1. 1-1 did not interfere with pro- a-helical conformation. Triton X-1 14 partitioning studies
Suc-in ofor he Sax Inhibito.in id nost, ieterfred bconfirmed that BI-1 is an integral membrane protein

duction of the Bax protein in yeast, as determined by (data not presented). RNA blot analysis indicated that

immunoblot analysis (Figure 1). BI-1 is widely expressed in vivo, including heart, brain,

placenta, lung, liver, skeletal muscle, kidney, and pan-
The Predicted BI-1 Protein Contains Several creas (not shown).
Membrane-Spanning Segments
All three B5-1 cDNAs obtained by the functional yeast BI-i Inhibits Bax-Induced Apoptosis
screen contained an open reading frame (ORF) encoding in Mammalian Cells
a predicted protein of 237 amino acids. The predicted Transient transfection of Bax-encoding expression plas-AUG start codon for this ORF was within a favorableTrnittasfcinoSx-cdngepsinpa-

amids induces apoptosis in the human embryonic kidney
context for translation initiation (Kozak, 1997) and was
preceded by an in-frame stop codon. A search against cell line 293 (Zha et al., 1996). Consequently, pcDNA3-

the available nucleotide sequence databases using the hBax was cotransfected with equal amounts of pcDNA3

BLAST program (Altschul et al., 1990) revealed that BI-1 parental vector (used as a negative control), pcDNA3-

is essentially identical to TEGT ("testis enhanced gene BI-1-HA (HA-tagged SI-1), or pRc/CMV-Bcl-2 (used as

transcript"), a cDNA previously cloned fortuitously dur- a positive control). One day later, both the floating and

ing an attempt to identify testis-specific genes (Walter adherent cells were collected and subjected to the try-

et al., 1995). The rat TEGT protein has also been de- pan-blue vital dye exclusion assay. SI-1 suppressed

scribed and shares 90% identity (95% similarity) with the Bax-induced cell death in 293 cells to a similar extent

human protein (Walter et al., 1994). Additional previously as Bcl-2 (Figure 3A). DAPI staining of 293 cell nuclei
undescribed homologs of SI-1 were also identified by confirmed that Sax-induced cell death occurred by

BLAST searches in mouse, and possibly in the nema- apoptosis (not shown). Immunoblot analysis demon-

tode C, e/egans and the plant Arabidopsis thaliana. The strated that BI-1 does not interfere with Sax production

mouse BI-1 protein, as deduced from ESTs #AA01 5124, in 293 cells (Figure 3B).

AA275830, AA467259, AA107704, and W59401 is 237
amino acids in length and shares 92% identity (95% Bf-1 Inhibits Apoptosis Induced by Growth Factor
similarity) with the human BI-1 protein (Figure 2). The Deprivation, Etoposide, and Staurosporine,
C. elegans ORF (EMBL #020241) encodes a protein of but Not Fas
241 amino acids that shares 21 % overall amino acid The effects of SI-1 overexpression on apoptosis induced
identity (37% similarity) with human SI-1. This percent- by a variety of stimuli were explored. For many of these
age homology shared by the nematode and mammalian experiments, we employed a green fluorescent protein
BI-1 is similar to that reported for Ced-9 and Bcl-2, (GFP)-tagged BI-1, because it provided a convenient

marker for transfected cells and because BI-1 -GFP ac-
cumulated to higher levels than the SI-1 -HA protein (not
shown). Transient transfection studies in 293 cells con-
firmed that the BI-1-GFP protein retained biological
activity as a suppressor of Bax-induced cell death (Fig-
ure 3C).

In the human diploid fibroblast line GM701, -30% of
the cells transfected with control GFP-marker plasmid



developed morphological characteristics typical of apo- together with a GFP-marker plasmid. The BI-1 anti-
ptosis when deprived of serum for "-'30 hr. In contrast, sense (AS) plasmid induced apoptosis of 293 cells in a
GM7O1 cells transfected with plasmids encoding 81-1 - concentration-dependent manner, whereas control plas-
GFP or Bcl-2 were substantially more resistant to serum mid had no effect (Figure 5A). Lacking antibodies for
deprivation, with only -10% of the cells undergoing detection of endogenous BI-1 protein to verify anti-
apoptosis (Figure 3D). Thus, 81-1 is able to suppress sense-mediated down-regulation of BI-1 protein, paral-
apoptosis induced by growth factor withdrawal in lel experiments were performed.in which 293 cells were
GM701 fibroblasts. cotransfected with plasmids encoding B-1-Flag protein

In many types of cells, apoptosis induced by the TNF- and the 81-1-AS plasmid. As shown in Figure 5B, the
family receptor Fas (CD95) is poorly abrogated by Bcl-2 levels of Bl-1 -Flag protein were markedly decreased in
(reviewed by Vaux and Strasser, 1996). We therefore 293 cells that received the BI-1-AS plasmid compared
compared the effects of Bcl-2 with BI-1 in 293 cells to control transfected cells, as determined by immu-
where apoptosis was induced by transfection of Fas. noblotting. In contrast, the BI-1 -AS plasmid had no ef-
Cotransfection of either BI-1 or Scl-2 with a Fas-encod- Jfect on the levels of tubulin or other proteins examined,
ing plasmid failed to prevent apoptosis (Figure 3E). In confirming the specificity of the results.These antiseose
contrast, Fas-induced cell death was markedly sup- experiments provide furtherevidencethat BI-1 regulates
pressed by cotransfection of a plasmid encoding XIAP, apoptosis in mammalian cells.
a protein that directly binds to and inhibits caspases
required for Fas-induced apoptosis (Deveraux et al.,
1997). BI-1 Is Located in Intracellular Membranes

To further explore the role of BI-1 as an apoptosis Similar to Bcl-2
inhibitor, we examined its effects in FL5.1 2, an interleu- The Bcl-2 and BcI-XL proteins are associated with intra-
kin-3-dependent pro-B lymphocyte clone previously cellular membranes, primarily the outer mitochondrial
shown to undergo apoptosis when deprived of IL-3. membrane, endoplasmic reticulum, and nuclear enve-
FL5.12 cells were stably transfected with plasmids en- lope (Krajewski et al., 1993; Gonzdlez-Garcia et al.,
coding BI-1-GFP or Bcl-2 (as a positive control) and 1994), while Bax appears to be localized mostly to mito-
subclones obtained that expressed B-1 or Bcl-2 at high chondria (Zha et al., 1996). To preliminarily explore the
levels. I-1 transfectants were uniformly more resistant intracellular locations of the BI-1 protein, GFP-BI-1 pro-
to apoptosis induction by IL-3 deprivation, with the ex- tein was expressed in several different adherent cell
tent of protection correlating roughly with the levels of lines (293, Cos-7, GM701). In all three cell lines, fluores-
BI-1-GFP protein. Figure 4A presents results from two cence microscopy demonstrated that BI-1 is exclusively
clones, one with only modest and another with high cytosolic and appears to be associated with intracellular
levels of BI-1-GFP protein production. Note that even membranes in a pattern typical of the endoplasmic retic-
clones with low levels of BI-1-GFP protein exhibited ulum (ER) and its continuity with the nuclear envelope
some resistance to IL-3 deprivation, whereas clones (Figure 6A and data not shown). In contrast, GFP control
expressing high levels of BI-1-GFP protein displayed protein was diffusely distributed throughout the cells.
pronounced resistance to apoptosis induction by IL-3 Only a small portion of BI-1 appears to be associated
withdrawal, with the prolongation in cell survival ap- with mitochondrial membranes, based on two-color
proaching that seen in Bcl-2-transfected FL5.12 cells, analysis using a mitochondria-specific fluorescent dye
BI-1 overexpression also afforded protection in FL5.12 (Figure 613). Similar results were obtained using a Flag-
cells against apoptosis induced by etoposide and stau- tagged BI-1 protein instead of GFP-BI-1 (Figure 6Ac).
rosporine. Comparisons of FL5.12 cell clones with vari- The intracellular location of BI-1 was also explored by
ous levels of BI-GFP expression suggested that BI-1 subcellular fractionation experiments. For this purpose,
was generally somewhat less effective than Bcl-2 at 293T cells were transiently transfected with the BI-1 -
conferring resistance against these agents (Figures 4C HA-encoding plasmid or vector control. Cells were lysed
and 4D, and data not shown). in hypotonic buffer 2 days later and separated into crude

Taken together, the transfection experiments in maam- subcellular fractions of nuclei (N), heavy membranes
malian cells (Figures 3 and 4) demonstrate that BI-1 (HM), light membranes (LM), and cytosol (C) by differen-
has antiapoptotic activity in epithelial, fibroblastic, and tial centrifugation as described (Wang et al., 1996). As
hematopoietic cells, and suggest that BI-1 shares func- shown in Figure 6C, BI-1 was found mostly in the HM
tional similarity with Bcl-2 in delaying cell death induced and N fractions (inferred as nuclear envelope based on
by Bax, growth factor deprivation, staurosporine, and the GFP fusion localization studies), as determined by
etoposide, but not Fas. immunoblot analysis where the fractions Were normal-

B1-1 Antisense Induces Apoptosis ized for cell equivalents. A small proportion of the B6-
ABI-1 Antsense Induces Apoptosise 1 -HA protein was also found in the LM fraction. The HM
A ri-1 cDNA was subcloned into pc2-Neo in reversed fraction contains mitochondria, lysosomes, and rough
orientation and transiently transfected into 293 cells, ER, whereas the LM fraction contains smooth ER, endo-

somes, and plasma membranes. As a control for the
fractionation procedure, the same blot was reprobed
with antibodies specific for the mitochondrial inner mem-
brane protein F1-13-ATPase, the nuclear protein PARP,
and the cytosolic protein CPP32 (caspase-3). Bcl-2 was
found essentially in the same subcellular compartments
as BI-1, with most of this protein associated with the
HM and N fractions (Figure 6C). We conclude therefore
that BI-1 is associated with intracellular membranes,
based on GFP-tagging experiments, immunofluorescence
microscopy, and subcellular fractionation studies.



molecules in cells are not integrated into membranes,
but rather are found within a soluble cytosolic fraction,
with the relative proportion of membrane-associated
Bax iricreasing after application of apoptotic stimuli (Hsu
et al., 1997). Comparisons of BI-1- and control-trans-
fected 293T cells, however, demonstrated that BI-1 does
not substantially change the relative amounts of Bax
protein associated with various subcellular compart-
ments (Figure 6C).

BI-1 Associates with Bcl-2 In Vivo
The subcellular fractionation data suggest that BI-1 and
Bcl-2 colocalize to the same intracellular membranes.
To address the question of whether BI-1 and Bcl-2 phys-
ically associate in membranes, we performed in vivo
cross-linking experiments. Plasmids encoding either
Flag-tagged or HA-tagged BI-1 were cotransfected with
Bcl-2 into 293 cells. Cells were then incubated 2 days
later with the thiol-cleavable chemical cross-linker
DTBP. As shown in Figure 7A, both the HA- and Flag-
tagged BI-1 proteins could be cross-linked to Bcl-2,
suggesting that BI-1 and Bcl-2 come within close prox-
imity to each other in membranes. In contrast, Bax was
not cross-linked to BI-1 (data not shown).

To further explore the interaction of BI-1 with Bcl-2
family proteins, we attempted to coimmunoprecipitate
BI-1 with Bcl-2, B6I-XL, Bax, and Bak. For these experi-
ments, 293 cells, which.contain high levels of Bak but
very little endogenous Bcl-2, BcI-XL, or Bax, were trans-
fected with Bcl-2, BcI-XL, or Bax-expression plasmids
and either Flag-tagged BI-1 plasmid or empty vector. As
shown in Figure 7B, Flag-tagged BI-1 protein specifically
coimmunoprecipitated with Bcl-2, and BcI-XL but not
Bax or Bak. Testing of several deletion mutants of Bcl-2
revealed that the BH4 domain is required for interactions
with BI-1 (not shown). This domain is uniquely found in
antiapoptotic but not most proapoptotic members of
the Bcl-2 family (Reed, 1997a), presumably explaining
why BcI-2 and Bcl-XL but not Bax and Bak form com-
plexes with BI-I.
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Figure 1. BAl- Suppresses Bax-Induced Yeast Cell DeathII
Either control vector or BI-1 -encoding expression plasmid (isolated 0F 29 Y --1 .AI 99. 091922.0 'V T2002A. L 2.0 L 221 .

from the HepG2 library) was transformed into cells of yeast strain D0?V °hD1 R 1. F R X L 19 -- LA•'7

QX95001 (harboring YEp51-Bax). [.'I' .0J'! .. 0990 22.99922. 99 - - - 229

(A) Transformants were streaked on galactose-containing synthetic 237

medium lacking uracil and leucine. Photograph was taken after a 4 -9 - i - - -

dPV ........ 261day Incubation at 3O°C. K.V -- -- -- -- 0 G - -- R 244

(B) Protein extracts were prepared from QX95001 transformants

used in (A) that contained control or BI-1 -encoding plasmids. Cells Figure 2. BI-1 Is an Evolutionarily Conserved Protein with Several

were grown in glucose-containing medium (D = dextrose) and then Predicted Membrane-Spanning Domains

transferred to galactose-contalning medium (G) for 20 hr. Total pro-

tein extracts (20 ttg/lane) were subjected to SDS-PAGE and immu- The predicted amino acid sequences of human, rat, and mouse Bl-

noblot analysis using anti-mBax antiserum. 1-proteins, as well as the homologous C. elegans and Arabidopsis
proteins are aligned, with identical residues in boxes. The predicted
6 TM domains of the human HI-1 protein are indicated in brackets.

Figure 3. BI-1 Inhibits Cell Death Induced by

A B Bax or Serum Withdrawal but Not Fas

.90 "(A) al-1 protects against Bax-induced apo-

T 0. \ ptosis in 293 cells. 293 cells were transfected

9 with either 9 l±g of vector control, or cotrans-

-- o . fected with 3 t±g of Bax plasmid and 6 t~g of
-z.•.2 either control vector (pcDNA3) or plasmids

90 e- ÷ t,.encoding lI-1 (with a C-terminal HA tag) or

Bcl-2. One day after transfection, floating

L - P- 'cells and adherent cells (after trypsinization)

o0, 10o '0o• VIP were pooled. A portion of the pooled cells
.- was subjected to vital dye trypan blue exclu-
191•'• t9+ •sion assay counting at least 300 cells (mean -

SD; n = 3).

G D (B) Extracts were prepared from another por-

40 E tion of the transiently transfected 293 cells

75 described in (A) above and subjected to SDS-

V.- PAGE/immunoblot analysis. The blot was se-

S1 11quentially probed with anti-HA monoclonal
""' antibody, anti-hBax antiserum, and anti-Bcl-2

antiserum, with stripping between each de-

=o •1 tection, The predicted band corresponding

to the =30 KD lI-i-HA protein is indicated

. o o , 1," ' 99o <q \- o+ .10o1.<c ' " with an arrow.
.• .AJ q'V S -4 (C) 293 cells were transiently transfected with

either vector control (9 gIg) or cotransfected

with 3 I'g of Bax plasmid and 6 ;.g of either

BI-1-GFP or Bcl-2 plasmid. Trypan blue dye

positive cells (%) were determined I day later (mean ± SD; n 3). The expression of GFP-tagged al-1 was verified by fluorescence microscopy

and by immunoblotting using an anti-GFP monoclonal antibody (now shown).

(D) GM701 cells were cotransfected with a p-gal reporter plasmid (0.5 gg) and the indicated plasmids (4.5 ig each). 18 hr after transfection,

cells were washed and cultured in DMEM containing 0.1% FBS for another 30 hr. Floating and adherent cells were fixed and stained with

X-gae. The percentage of blue cells (transfected) with apoptotic morphology was determined (mean ± SD; n = 3).

(E) 293 cells were transfected with either vector control (8.5 p.g) or cotransfected with 0.5 Lig of Fas-encoding plasmid and 8 .Lg of either

vector, or BI-1-GFP-, or Bcl-2- or XIAP-encoding plasmids. GFP-encoding plasmid (0.5 pg) was Included in all transfections. 20 hr after

transfection, both floating and adherent cells (after trypsinization) were pooled, fixed, and stained with DAPI (Zha et al., 1996). The percentage

of GFP-positive cells with fragmented or condensed nuclei (apoptotic) was determined (mean t SD; n = 3).
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Figure 5. Bi- Antisense Induces Apoptosis

(A) 293 cells were cotransfected with the indicated plasmids plus 1
jig of GFP-encoding plasmid. The total amount of plasmid used for

each transfection was normalized at 9 jig. 30 hr after transfection,
both the floating and adherent cells were pooled, fixed, and stained
with DAPI. The percentage of apoptosis was determined as the ratio

of cells with fragmented or condensed nuclei among GFP-positive
cells (mean + SD; n = 3). Data are representative of three indepen-

dent experiments.
(B) 293 cells were cotransfected with 1 Uig of B6-1 -Flag-encoding
plasmid in combination with either 8 jig of pcl-Neo or pcI-Neo-
BI-1-AS. 30 hr after transfection, protein extracts were prepared,
normalized for total protein content (30 jig per lane), and subjected
to SDS-PAGE/immunoblot analysis using the anti-Flag M2 antibody
fordetection of BI-1 -Flag protein and anti-tubulin antibody to control
for loading.
(C) DAPI-stained cells as described in (A) were visualized and photo-
graphed under a UV microscope. Note at least four typical apoptotic
cells with fragmented or condensed nuclei in the BI-1-AS-trans-
fected population (right panel).



A Figure 6. BI-1 Is Localized to Intracelfular
Membranes and Cofractionates with Bcl-2

(A) Either the parental pEGFP-N2 vector (a)
or plasmid encoding BI-1-GFP fusion protein
(b) or a plasmid encoding Flag-tagged BI-1
protein (c) was transfected Into Cos-7 cells.
18 hr after transfection, cells were seeded In
chamber slides for fluorescence microscopy.
In (a) and (b), cells were analyzed directly us-
ing appropriate filters for visualization of the
green fluorescence resulting from GFP. In
(c), cells were stained with anti-Flag M2 and
FITC-conjugated anti-mouse IgG. Cells stained

a with secondary antibody alone exhibited neg-
ligible fluorescence (not shown). Photo-
graphs represent -40OX original magnifi-
cation.
(B) BI-1-GFP transfected Cos-7 cells were In-
cubated with the Mitotracker dye before be-
ing fixed and visualized by fluorescence con-
focal microscopy using filters appropriate for
the visualization of green (a), red (b), or both
(c), resulting from the BI-1-GFP protein and
the Mitotracker. Data shown are representa-
tive of the majority of doubly stained cells.
(C) 293T cells were transiently transfected
with either parental vector (Control) or plas-

C mid encoding HA-tagged BI-1. Cells were

Control 131-1-1iA lysed 2 days later in a hypotonic solution, and
crude subcellular fractionations were pre-
pared. Equivalent proportions of each frac-

, Z U - Z U tion were subjected to SDS-PAGE/immu-
noblot analysis using antibodies specific for

3- 1A HA-tag, BcI-2, Bax, FlOfATPase (mitochon-
dra marker), PARP (nuclear marker), and

-4- Bcl-2 CPP32 (Caspase-3, cytosolic marker).

4- Bax

••• Fl-P3-ATPase

• "•..-PARP

-.- CllP32
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Figure 7. BI-1 Interacts with Bcl-2 in Mammalian Cells
(A) In vivo cross-linking. 293 cells were cotransfected with Bcl-2-
encoding plasmid and either a control (vector) or plasmids encoding
BI-1 -Flag (top panel) or BI-1 -HA (bottom panel) proteins. 2 days
after transfection, cells were washed in PBS and incubated with
the membrane-permeable chemical cross-linker DTBP. After cross-
linking for 20 min, cells were washed in PBS and lysed in RIPA
buffer. Immunoprecipitations were performed using normal mouse
IgG1 as a negative control or the anti-Flag M2 (top) or anti-HA 12CA5
(bottom) monoclonal antibodies. Immunocomplexes were reduced
(to reverse the cross-linking reaction) and analyzed by SDS-PAGEF
immunoblotting using anti-Bcl-2 antiserum. Lanes 1 and 2 represent
whole cell lysates from cells transfected with Bcl-2+BI-1 or Bcl-2+
vector, respectively (1/20 of the input for lanes 3-5). Lanes 3-5
were loaded with immune complexes precipitated with the indicated
antibodies.
(B) Coimmunoprecipitation. 293 cells were transiently transfected
with either Bcl-2-, BcI-XL-, or Bax-encoding plasmids together with
either vector control plasmid or BI-i -Flag-encoding plasmid DNA.
2 days later, cells were lysed in 1% NP-40 bufferand immunoprecipi-
tations were performed using either anti-Flag antibody M2 or IgG
control. Immune complexes (lanes 3-5) were subjected to SDS-
PAGE/immunoblot analysis using antisera specific for Bcl-2, Bcl-
Xu Bax, or Bak. Whole cell lysates (lanes 1 and 2) are from cells
transfected with Bcl-2 (top), BcI-XL (second), Bax (third), or no plas-
mid (bottom) together with either BI-1 -Flag plasmid (lane 1) or vector
control (lane 2), representing 1/40 of the input for immunoprecipi-
tation.



Task #3. Employ classical yeast genetics techniques involving
complementation cloning to identify yeast genes that are required for Bax-
mediated cytoxicity.

Bax-resistant strains of yeast were generated and a single strain was identified
in which the resistance phenotype segregated as a recessive single-gene defect.
Classical complementation cloning methods were then used to identify yeast
genes that restored Bax sensitivity, thus identifying subunits of the
mitochondrial FoF1-ATPase/proton pump. Targeted gene ablation
experiments confirmed that the proton pump is required for Bax-induced
killing in yeast. Experiments were then performed with a pharmacological
inhibitor of the proton-pump, oligomycin. The addition of oligomycin to
cultures of either yeast or human cells resulted in inactivation of the proton
pump and resistance to Bax induced cell death. In human epithelial cancer
cells, we showed that the proton pump inhibitor also conferred resistance to
p53 induced apoptosis, in a cell lines where p53 had been shown to upregulate
Bax expression.

These findings thus revealed a functional connection between Bax and the
mitochondrial proton-pump. This discovery has important implications for
understanding how Bax might function as a channel or pore-like protein. Bax
has been reported to translocate from cytosol to mitochondria upon delivery
of apoptotic signals to human cells. We and others have shown that Bax
induces mitochondrial damage (release of cytochrome c; loss of membrane
potential), thus triggering apoptosis and cell death. Our discovery of proton-
pump involvement implies either that the proton pump is needed to create a
local membrane pH environment that is permissive for Bax channel
formation or that the pump is required as a downstream effort of Bax.
Experiments are underway to distinguish between these two models.

These findings were published in (6) (reprint attached). A description of the
methods employed and the results with figures and legends follows:



Experimental Procedures

Plasmids
YEp51-Bax, pEG202-Bax, and pcDNA-Bax havebeen described

(Zha et al., 1996). The Sax cDNA from pEG202-Bax was subcloned

Into the EcoRI and Xhol sites of pGilda (gift of C. Kaiser [MITM). The of the recovered cells were used for immunoblot assays and the
YCpSO plasmid (ATCC37419) and yeast genomic library (ATCC37415) remainder were used for either caspase activity assays (Deveraux
were obtained from American Type Culture Collection (Rockville, et al., 1997) or for DAPI staining (Zha et al., 1996).
Maryland). BRK cells expressing ts-p53 (Subramanian et al., 1995) were main-

tained in DMEM-high glucose 10% serum medium at the nonpermis-

Yeast Methods sive temperature of 39°C and cultured at either 5 x 104 cells/0.1 ml

Yeast strains and plasmids used for these studies have been de- in 96-well flat bottom plates or at 106 cells/5 ml in 6 cm dishes for

scribed previously (Velours et al., 1989; Paul et al., 1992; Giraud and cell death assays. The medium was then changed with fresh 32°C
Velours, 1994; Zha et al., 1996). For generation of Sax-resistant medium, and cells were cultured at 32°C with or without various

mutant yeast, EGY48 strain was mutagenized with MMNG (Sigma, concentrations of oligomycin or antimycin A for 12 hr. The percent-

Inc.) using routine methods (Guthrie and Fink, 1991). After treatment age of viable cells was determined by trypan blue dye exclusion,

with MMNG for 10 min, yeast cells were grown for 4 hr in YPD or cell lysates were prepared for immunoblot analysis of Sax ex-

media and then transformed by a LiOAc method with the GAL10 pression.

promoter-containing plasmid YEp51 -Bax and plated on minimal me-

dium supplemented with required amino acid (MM-A) containing Immunoblot Assays
1 % raffinose and 2% galactose. Surviving clones were picked from Whole cell lysates were normalized for total protein content, and
plates and grown in MM-A with glucose prior to transformation with immunoblot assays were performed as described previously using
the ADH1 promoter-containing plasmid pEG202-Bax (Sato et al., 0.1% (v/v) anti-LexA rabbit serum (Zha et al., 1996) or either anti-
1994) and selection on MM-A/2% glucose plates. Resistant mutants human Sax or anti-mouse/rat Sax rabbit sera (Krajewski et al., 1994;
were mated with Myy290 strain (Mata, his3, ura3, leu2), and the Krajewski et al., 1995).
resulting diploid cells were subjected to tetrad analysis (Guthrie and
Fink, 1991). BRM1 cells displayed precisely 50% inheritance of the ATP Measurements
Bax-resistant phenotype. Cellular ATP content was measured as previously reported (Kane

et al., 1985) using firefly lantern extract (Luciferase-luciferin, Sigma)
Complementation Cloning with a luminometer. Data were normalized relative to total protein
BRM1 cells was transformed with the GALl promoter-containing content of cell lysates.
plasmid pGilda-Bax and grown in MM-A with glucose to a density
of 2-4 X 101 cells/mi. These cells were then transformed using a

LIOAc method with 2 pg of a yeast genomic library in YCpSO (ATCC) Measurements of Mitochondrial AlIt

and 20 Vg of salmon sperm DNA (transformation efficiency 1 X 10' Mitochondrial Ait was measured using DiOC6 (Molecular Probes,

to 2 x 10' per j.g DNA). Transformed cells were first plated on MM-A Inc.) as described (Castedo et al., 1996).

with glucose and then replica-plated to MM-A with galactose. From
'-,2 x 10' independent colonies tested, 8 clones were identified that
did not grow on MM-A/galactose plates. Plasmids were recovered
from these 8 candidates, and BRM1 cells were retransformed with
these library plasmid together with pGilda-Bax, thus confirming res-
toration of sensitivity to Sax to approximately the same level as wild-
type yeast for I of them. The ends of this plasmid were sequenced by
primers flanking the cloning site in YCp5O (5'-CGATCATGGCGACCA
CACCCGTCCT-3' and 5'-GGTGATGCCGGCCACGATGCGTCCG-
3'). The DNA sequence results were compared with the Yeast Geno-
mic Data Base using dbFAST (Stanford University).

Yeast Cell Viability Assays
Single colonies of yeast cells transformed with pGilda or pGilda-
Sax were grown in 10-20 ml of MM-A/glucose with vigorous aeration
at 300C to an optical density of 0.4-0.5 ODo nm. Cells were pelleted
by centrifugation (1000 x g) for 10 min and washed three times in
MM-A/galactose before resuspending in 20 ml of MM-A/galactose
and culturing half with 10 t.M oligomycin and half with ethanol
solvent control (final 0.1 %). Oligomycin or ethanol was added to
MM-Algalactose medium every 12 hr to ensure maintenance of ade-
quate levels of drug. After culturing for various times at 30CC, a 0.5
ml aliquot of cells was removed for trypan blue dye exclusion assay,
counting at least 300 total (live and dead) cells. Alternatively, the
total cell density of cultures was determined, and either 1000 or 3000
cells were spread on MM-A/glucose plates, followed by culturing at
300C for 4 days. The number of colonies on plates from the 0 hr
cultures was designated as 100%.

Mammalian Cell Transfections and Apoptosis Assays
293T cells were cultured for 12 hr in DMEM-high glucose (4500 mg
glucose/I) medium supplemented with 10% fetal bovine serum (FBS)
at a density of 10' cells in 3.6 ml of medium per 6 cm diameter dish
or 3 x 10' cells in 10 ml per 10 cm dish. Fresh medium was ex-
changed and 4 hr later the cells were transfected with 10 i-g of
pcDNA3-Bax versus parental pcDNA3 plasmid (10 cm dishes) or
were cotransfected with 1 ýLg of pEGFP (Clontech Laboratories,
Inc.) and either 9 lag of pcDNA3-Bax or pcDNA3 control plasmid
(6 cm dishes). Four hours after the transfection, the medium was
changed with fresh media containing 10 l.M oligomycin, 10 p.M
antimycin A, or 0.1 % ethanol (solvent). After culturing for an addi-
tional 8 hr, both the floating and attached cells were harvested. Half



Creation of a Mutant Yeast Strain that Displays creating the ATP4-deficient strain PVY1 0. We therefore
Resistance to Bax-Induced Cell Death tested PVY1 0 cells for resistance to Sax. For these ex-
Yeast strain EGY48 was mutagenized with N-methyl-N'- periments, PVY10 cells were transformed with pGilda-
nitro-N-nitrosoguanidine (MMNG) and then transformed Sax or pGilda control plasmid and grown for various
with YEp51-Bax, a LEU2-marked, high-copy episomal times in galactose-containing medium to induce expres-
plasmid that produces the mouse Bax protein under the sion of Sax, and cell viability was monitored by trypan
control of the galactose-inducible GAL 10 promoter (Zha blue dye exclusion. ATP4-deficient PVY10 cells were
et al., 1996). Transformants were plated on leucine-defi- not killed after switching froni glucose- to galactose-
cient semisolid medium containing galactose, resulting containing medium (Figure 2A). In contrast, cells of the
in ,'-50 viable colonies. To exclude clones that might isogenic wild-type strain (D273-10B/A) that had been
have survived because of defects in transactivation of transformed with pGilda-Bax began to die within 12 hr
the GAL 10promoter in YEp5l-Bax, these transformants after switching to galactose.
were cured of the YEp51 -Bax plasmid and then retrans- To further verify that ATP4-deficient PVY1 0 cells are
formed with the plasmid pEG202-Bax in which Sax is resistant to Bax-mediated lethality, a clonigenic survival
produced from a strong constitutive ADH1 promoter. assay was performed in which cells were switched from
The resulting 24 Bax-resistant clones were mated with glucose- to galactose-containing liquid medium for 1
wild-type Myy290 strain cells, yielding 9 diploids in day to induce expression of Sax, and then plated on
which sensitivity to Bax-mediated killing was restored, glucose-based semisolid medium, which suppresses
thus suggesting a recessive mutation. Tetrad analysis the GALl promoter in pGilda. The plating efficiency of
was then performed for these recessive mutants, with ATP4-deficient PVY1O cells was essentially the same,
only one (hereafter designated as Bax-resistant mutant-1 regardless of whether they contained the pGilda-Bax or
[BRM1]) exhibiting 2:2 Mendelian segregation of the pGilda plasmids (Figure 2B). In contrast, colony forma-
Bax-resistance phenotype in a manner consistent with tion by the isogenic wild-type strain was markedly re-
a single gene defect (Figure 1A). duced in cells harboring the pGilda-Bax plasmid com-

The genomic mutation in BRM1 cells did not interfere pared to the control pGilda vector. Clonigenic survival
with Sax protein production, as determined by immu- of the wild-type cells began to decline after as little as
noblotting (Figure IB). For these experiments, the wild- 6 hr of exposure to galactose, with essentially all cells
type and BRM1 cells were transformed with pGilda-Bax, failing to form viable colonies after a 12 hr exposure.
which produces Bax as a fusion protein with a portion The differences in the kinetics of loss of clonigenic sur-
of LexA (used analogous to an epitope tag here), or the vival and development of trypan blue positivity (compare
pGilda plasmid, which produces only the LexA fragment. Figures 2A and 213) have been observed previously in
The addition of the LexA tag to Sax does not interfere Bax-expressing yeast (Zha et al., 1996; Jorgensmeier
with its intracellular targeting or cell death-inducing et al., 1997), and likely reflect a commitment to cell
function in yeast (Zha et al., 1996). death even before loss of plasma membrane integrity.

Mating the PVY1 0 cells with wild-type haploids to create
Complementation Cloning of Yeast Genes ATP4+- heterozygous diploids restored sensitivity to
that Restore Sensitivity to Bax Sax. Immunoblot analysis demonstrated that the ATP4
The BRM1 cells containing pGilda-Bax were trans- mutation did not prevent production of Sax protein (Fig-
formed with a centromere-based yeast genomic library. ure 2B). We conclude therefore that ATP4, which is a
Eight transformants were identified by replica plating nuclear gene that encodes subunit 4 of the yeast mito-
that appeared to have a restoration of their sensitivity chondrial FgFe-ATPase proton pump, is required for Sax-

to Bax-mediated cell death. The plasmids recovered mediated killing of yeast.

from these eight transformants were then retransformed

with pGilda-Bax into BRM1 cells, with only one of these
clearly restoring sensitivity to Bax-mediated lethality to The Proton-Pump Inhibitor Oligomycin Inhibits

wild-type levels (Figure 1A). DNA sequence analysis re- Bax-Induced Killing of Yeast
vealed that this clone contained three genes, including Oligomycin binds to the F0 portion of the yeast and
ATP4, which encodes subunit 4 of the yeast FDF 1- mammalian FOF 1-ATPases and prevents the proton pump

ATPase, a proton pump located in the inner membrane from transporting H+ ions, thus effectively shutting it off

of mitoch9ndria (Weber and Senior, 1997). (Tzagoloff, 1970). We reasoned that if the proton pump is
required for Bax-mediated lethality in yeast, oligomycin

ATP4 Is Required for Bax-Induced should render wild-type yeast resistant to Sax. To test

Lethality in Yeast this hypothesis, D273-1 OB/A strain yeast that had been

Since it has been previously suspected that Sax pro- transformed with either pGilda-Sax or pGilda control
motes cell death at least in part through effects on mito- plasmids were cultured for various times in galactose-

chondria (Xiang et al., 1996; Zha et al., 1996), we focused containing medium with or without oligomycin. Oligomy-
on ATP4 as a likely candidate gene that is required for cin did not inhibit the growth of yeast under these condi-

Bax-induced killing of yeast. The ATP4 gene has been tions due to their ability to produce sufficient ATP from

previously disrupted in S. cerevisiae by URA3 insertional anaerobic ferrmentation (not shown). Oligomycin is non-

mutagenesis (Velours et al., 1989; Paul et al., 1992), thus toxic in yeast and it fails to induce permeability transition
pore (PTP) opening in yeast mitochondria (Jung et al.,
1997). As shown in Figure 3, oligomycin partially inhib-
ited-the Bax-induced killing of yeast, without interfering
with production of the LexA-Bax protein. Thus, similar
to disruption of the ATP4 gene, a pharmacological inhib-
itor.of the FOF 1-ATPase proton pump suppresses Sax-
mediated lethality in yeast.



Respiration Is Not Required for
Bax-Induced Killing of Yeast
It was possible that the genetic disruption or pharmaco- As shown in Figure 5A, oligomycin reduced the per-
logical inhibition of the FoF 1-ATPase proton pump indi- centage of apoptotic cells in cultures of Bax-transfected
rectly suppressed Bax-mediated lethality in yeast by 293T cells in a dose-dependent manner, with concentra-
blocking respiration (Velours et al., 1989; Paul et al., tions of 1-10 p.M oligomycin preventing approximately
1992; Giraud and Velours, 1994). To address this ques- half of the Bax-induced cell death. DiOC6-based mea-
tion and to further explore the importance of the FoF 1- surement of mitochondrial membrane potential demon-
ATPase, we compared the effects of Bax expression on strated that these concentrations of oligomycin resulted
the viability and clonigenic survival of rho- yeast as well in hyperpolarization of mitochondria in 293T cells, con-
as on an additional mutant strain of yeast in which the sistent with a block of the proton pump causing accumu-
8 subunit of F0F,-ATPase had been inactivated by URA3 lation of HI ions in the intermembrane space of these

insertional mutagenesis (Giraud and Velours, 1994). Un- organelles (Figure 5B). Acute exposure of the cells to
like the ATP4 mutant, both rho- and ATP-8-deficient the protonophore mCICCP confirmed that the DiOC6
yeast are petites. Rho- yeast fail to express all proteins staining was dependent on the mitochondrial pH gradient
encoded in the mitochondrial genome, and thus lack (Figure 5B), thus verifying the specificity of this assay.

certain proteins that are critical for respiration. Though In contrast to oligomycin, culturing Bax-transfected
certain subchains of the FoFI-ATPase proton pump are 293T cells with the respiratory complex Ill inhibitor anti-
encoded in the mitochondrial genome, its activity re- mycin A did not impair Bax-induced apoptosis under
mains partially functional in rho- yeast (Schatz, 1968; these conditions, but did markedly reduce mitochondrial
Giraud and Velours, 1994). In contrast, loss of the nu- A4, (Figure 5B). These findings in mammalian cells thus
clear-encoded ATP-8 protein results in deficient func- support the observations obtained with yeast, demon-
tion of both the F0 and F, components of the proton strating again that respiration is unnecessary for Bax-
pump (Giraud and Velours, 1997). These two petite mediated cell death.
strains grew at comparable rates in the absence of Sax Since gene transfer-mediated overexpression of Sax
(not shown). has been shown to induce activation of caspases that

The rho- yeast transformed with pGilda-Bax began can cleave the substrate peptide DEVD (Deveraux et
to die when switched to galactose-containing medium, al., 1997; Jrrgensmeier et. al., 1997), we measured the
whereas rho- cells containing the control pGilda vector effects of oligomycin treatment on Bax-induced activa-
did not (Figure 4A). Note however that the Bax-induced tion of DEVD-cleaving caspases using lysates from the
cell death and loss of clonigenic survival occurred with transfected 293T cells. As shown in Figure 5C, 293T
delayed kinetics relative to wild-type yeast (compare cells transfected with pcDNA3-Bax contained markedly
with Figure 2). Thus, the absence of respiration in rho- elevated levels of caspase activity compared to control
cells may reduce but does not abrogate Bax-mediated transfected cells. Addition of 1-10 p.M oligomycin to the
lethality in yeast. In contrast, yeast lacking the 8 subunit cultures substantially reduced the amount of Bax-induced
of the FoFI-ATPase were completely resistant to Bax, caspase activity (Figure 5C and data not shown).
despite expressing LexA-Bax protein at levels equiva- Under these same conditions, ATP levels were main-
lent to those of the rho- cells (Figure 4). We conclude tained to within ,-p95% of control levels for 293T cells
therefore that respiration is not required for Bax-induced treated with 1 p.M oligomycin (32 t 3 nmol/mg protein
killing of yeast, but the FoF 1-ATPase proton pump is. versus 34 -± 3 nmol/mg protein) and to within -'75% of

control levels for cells treated with 10 p.M oligomycin
Oligomycin Also Inhibits Bax-Induced Apoptosis (25 t 2 nmol/mg protein). Thus, the oligomycin-medi-
and Activation of Cell Death Proteases ated protection against Bax-induced apoptosis cannot
in Mammalian Cells be ascribed to reduced ATP levels. Oligomycin also did
No mammalian cells exist that harbor mutations within not impair production of the expected 21 kDa Bax pro-
subunits of the mitochondrial FoF 1-ATPase. Thus, to ex- tein in 293T cells (Figure 5D).
plore whether the proton pump is also required for opti- When used at high concentrations in vitro, oligomycin
mal function of Bax in mammalian cells, one is limited has been reported to inhibit the plasma membrane Na-K

to pharmacologicaj studies employing oligomycin. In ATPase (ICs0 - 5 1,M) (Decottignies et al., 1995). We
mammalian cells, unlike in yeast, oligomycin is toxic and therefore tested the effect of the Na-K ATPase inhibitor
leads secondarily to mitochondrial PTP opening and oubain on Bax-induced apoptosis in 293T cells, but
either apoptosis or necrosis, depending on the particular found that even at 100 1LM, oubain had no influence on
cells and circumstances evaluated (Castedo et al., Bax function (not shown). Based on the above results,
1996). Cell death caused by oligomycin, however, can therefore, we conclude that the FoF 1-ATPase proton
be delayed by culturing in high glucose-containing me- pump is either required for optimal function of Bax in
dium, which helps to maintain ATP levels via glycolysis 293T cells or enhances Sax's ability to induce apoptosis
(Eguchi et al., 1997; Leist et al., 1997). We therefore in these human cells.
explored the effects of oligomycin in human 293T kidney
epithelial cells grown in high glucose medium, using a
transient Sax transfection assay to induce apoptosis
and activation of cell death proteases (caspases) (Zha
et al., 1996; Deveraux et al., 1997; J0rgensmeier et al.,
1997). For all experiments, oligomycin was added 4 hr
after transfections; caspase activity and apoptosis were
then measured after an additional 8 hr of culture. Thus,
the experiments were performed within the first 12 hr
after Sax transfections, before oligomycin caused cell
death (>90% trypan blue dye exclusion in control cul-
tures).



Oligomycin Inhibits p53-Induced Apoptosis
The induction of apoptosis in baby rat kidney (BRK) cells
by p53 has been shown to be Bax-dependent (Han et
al., 1996; Sabbatini et al., 1997). We therefore employed
BRK cells that express a temperature-sensitive mutant
of p53, and examined the impact of culturing these cells
with various concentrations of oligomycin at either the
permissive temperature of 320C where p53 is active and
apoptosis ensues or at the nonpermissive temperature
of 37-390C where p53 is inactive. As in the prior experi-
ments, these cells were grown in high glucose medium
to maintain ATP levels through glycolysis.

Oligomycin reduced the percentage of apoptotic cells
by approximately two-thirds when ts-p53 BRK cells
were cultured at 320C to active p53 (Figure 6A). Under
these same conditions, ATP levels were maintained at
"-,100% of control levels in BRK cells treated with 1 pLM
oligomycin and to within ,-'70% of control for 10 pM
oligomycin (not shown). In contrast, antimycin A had no
apparent effect on p53-induced apoptosis in BRK cells
(Figure 6A), yet reduced ATP levels more than oligomy-
cin. Immunoblot analysis of BRK cells demonstrated
that neither oligomycin nor antimycin A (10 pM) impaired
p53-induced expression of Bax when the cells were
cultured at the permissive temperature of 320C (Figure
6B). Taken together, therefore, these data provide fur-
ther evidence that Bax-dependent apoptosis requires
the mitochondrial FoF 1-ATPase proton pump.
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Figure 1. Generation of a Bax-Resistant Yeast Mutant and Identifi- 1 2 3 4 5
cation of Genomic Clones that Restore Bax Sensitivity

(A) Wild-type EGY48 yeast (WT), Bax-resistant-mutant (BRM1), and Figure 2. Yeast with Disrupted ATP4 Gene Are Resistant to Bax-

diploid cells derived from mating Myy290 (wild-type) X BRM1 were Induced Cell Death

transformed with control plasmid pGilda (C) or galactose-inducible

pGilda-Bax (Sax). BRM1 was also cotransformed with pGilda-Bax Wild-type D273-10Be A yeast, ATP4 knockout yeast strain PVY10

and clone 33 from yeast genomic library or control vector YCp50. (ATP4-), and heterozygous diploids derived from mating of PVY10

Each transformant was first grown on glucose-based plate and then with Myy290 (ATP4-'+) were transformed with pGilda (C) or pGilda-

a colony was restreaked on galactose-containing plates and incu- Bax. The cells were grown in glucose-based medium and then recul-

bated at 30°C for 4 days. tured In galactose-based medium to induce protein expression from

(B) Immunoblot analysis is shown for lysates (10 itg) derived from the GALl promoter in pGilda plasmids.
WT yeast (lanes i and 3) and BRM1 (lanes 2 and 4) cells transformed (A) The percentage of trypan blue dye excluding cells was deter-
with pGilda (produces LexA protein DNA-binding domain without a mined at various times after switching to galactose-based media
nuclear localization sequence) (lanes 1 and 2) or pGilda-Bax (pro- (mean -± SE; n = 3; SE bars are obscured by symbols).
duces LexA-Bax fusion protein) (lanes 3 and 4). Antigens were de- (B) Clonigenic survival was determined by recovering cells at various
tected using anti-LexA rabbit antiserum, times from galactose-containing medium and plating 1000 cells on

glucose-based semisolid medium. Data are representative of at

least three experiments.
(C) Immunoblot analysis was performed to assess LexA and LexA-

Bax protein levels in cells after 12 hr of culture in galactose-based

media, as described for Figure 1.
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Figure 3. F0F,-ATPase Proton-Pump Inhibitor, Oligomycin, Attenu- Strain CGY1 yeast that harbor a URA3-dlsrupted ATP8 gene and
ates Bax-Induced Cell Death in Yeast rho- yeast (both petite) were transformed with pGIlda ([C); open

Yeast strain D273-1 08/A cells transformed with pG!ida (C) or pGilda- symbols) or pGilda-Bax (closed symbols). Cell viability' (A), cloni-
Bax were initially cultured in glucose-based media, then switched genic survival (B), and Bax protein levels (C) were measured as
to galactose-containing medium with (closed symbols) or without described for Figure 2 at various times after switching cells to galac-
(open symbols) 10 l.iM oligomycin, and the percentage of trypan tose-containing medium (mean t SE; n = 3; some SE symbols are
blue dye excluding cells was determined at various times thereafter obscured by symbols). In (C), lanes 1/2 and lanes 3/4 represent rho-
(A) or cells were recovered and either 1000 or 3000 cells were plated resp M-etively. attanfre ih G~aad ~~aBx
on glucose-containing semisolid medium (B) (mean ± SE; n = 3; repcily
SE symbols are obscured by symbols). In (C), protein lysates; (10
g±g) were generated from the same cells after 12 hr of culture in
galaztose-based medium and analyzed by Immunoblotting using
anti-LexA antiserum. Lanes 1/2 and lanes 3/4 represent cells con-
taining pGIlda or p~ilda-Sax, respectively, grown with or without
oligomycin as indicated.



80 .o - - ,6 axFigure 5.The FoF-PaseInhbitorOliomy-
A .6Sxcin Suppresses Bax-Induced Apoptosis and

*! 60 • . Caspase Activation in 293T Cells
o '. (A) 293T cells were cultured in DMEM-high

o

•.o0.3 glucose medium to maintain ATP supplies by

S. C 9 p~g of pcDNA-Bax (Bax) or control pcDNA
o C+oligo (C) plasmids with 1 pig of pEGFP, the culture

•o . ,9 , ( tM- 0 50 100 medium was exchanged with fresh medium

0°o [•,•'' J Time (min) containing or lacking 0, 0.1,1,°r 10gIM °lig°-

Oligomydn Antimydn mycin or 10 jiM antimycin A. After an addi-
tional 8 hr of culture, the cells were collected.

In (A), the percentage of GFP+ cells with
apoptotlc morphology was determined by

Bax DAPI-staining (mean _± SD; n = 3).

2 • 1.0M rnCICCP Olgmcn r -~(B) 293T cells were recovered from cultures

I1O_10tM Anlimycin of untransfected cells and incubated with

- ax-. I• DiOC6, followed by FACS analysis. Data rep-
=..__ I • !I0• iI•1 II reentlog fluorescence versus relative cell

S: I e-;,n~ntbln- FM number. As a control for specificity of DiOC6
_ M lgoycn ub.lJ labeling, an aliquot of the control untreated

O,.1HM 1 2 3 4 cells was exposed to the protonophore
mCICCP for 15 mmn prior to incubation with

C~ooio DiOC6.
DIOC6 (lo lL) (C) Lysates derived from cells that had been

cultured with or without 10 jiM of oligomycin

were prepared and normalized for total protein content, and caspase activity was measured based on hydrolysis of DEVD-AFC (Deveraux et

al., 1l997). Typical substrate hydrolysis progress curves are shown (representative of three experiments).

(D) Aliquots of the same lysates employed for caspase assays were subjected to immunoblot analysis, employing anti-hu Sax antiserum with

ECL-based detection. The blot was subsequently reprobed with anti-tubulin antibody to verify loading of equivalent amounts of total protein.
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Figure 6. Ollgomycin Inhibits p53-Induced Apoptosis

BRK cells that contain ts-p53 (IHant et al., 1996) were maintained at

a nonpermissive temperature of 39°C, then cultured at 32°C to in-

duce p53 in the presence or absence of 0.1-10 jiM oligomycin or

10 jIM antimycin A. In (A), the percentage of dead cells was deter-
mined by DAPI staining 12 hr after shifting to 32°C (mean +_ SD; n =

3). In (B), Lysates were prepared from BRK cells that had been

cultured at 39°C (lane 1) as a control (C) or at 32°C (lanes 2--4) without
or with 10 p.M oligomycin or 10 p.M antimycin for 12 hr, normalized
for total protein content (5 jig/lane), and analyzed by immunoblotting

using anti-Sax antiserum with ECL-based detection. The same blot

was reprobe with anti-tubulin.



Figure 7. Schematic of Potential Relations
Cytosol x between Mitochondrial FoF,-ATPase Proton

BH3 Pump and Bax

r The diagram depicts mitochondria, showing

6Outr Membrane the inner and outer membranes. The outer
membrane is thought to be porus because of
porin. Bax in the outer membrane is anchored
via a C-terminal transmembrane (TM) do-

H Olilomycin main. During channel formation, the pre-
cdicted 5th and 6th a helices of Bax are specu-

Fo lated to penetrate the lipid bilayer. The BH3

Inner Membrane domain (a2 helix) is located on the cytosolic
side of the membrane and can mediate di-

E1 merization with Bcl-2 and related proteins.
The FoF 1-ATPase proton pump resides in the
inner membrane. The 13 (equivalent to subunit

4 in yeast) and 8 subunits are indicated. The
Z P ATP and 8 subunits of Fo and F1, respectively,

"�A�nt lv'lnplay important roles in connecting the F0 pro-
Antimvcin Pton channel and F, ATPase portions together.

ATP A DP The transport of H' ions by the proton pump
is reversible, and can either consume or gen-
erate ATP. Oligomycin shuts off the pump,
such that protons cannot be transported in
either direction.
The respiratory chain complexes I, II, and III
extrude protons into the intermembrane
space. Complex III is inhibited by antimycin
A and associated with cytochrome c.



Task #4. Derive mutant strains of yeast that are resistant to Bax, and exploit
these for functional cloning of human genes that restore Bax-lethality by
complementation.

Attempts to exploit Bax-resistant mutant strains of yeast for cloning new Bax-

suppressor from humans failed.

Task #5. Characterize the cell death phenotype of Bax in S. pombe and begin

to explore the potential of employing fission yeast for genetic analysis of the
Bcl-2/Bax cell death pathway.

The characterization of Bax induced cell death in the fission yeast S. pombe
was completed and the results published (7). A reprint is attached. A detailed
description of the methods employed and results with figures and legends
follows.



MATERIALS AND METHODS

Yeast Strains and Media Cysteine Protease Enzyme Assays
The S. pisutbe strain SOP444 (It h'ul-32 ura4-D18 his7-366 ade6- Lysates (50 jig total protein) were prepared from S. pontlie Bax/p35,
M210) was used for all experiments. Cells were mackained in Bak/p35, and Rep/p35 transformants by glass bead disruption,
YEL/YES medin before transformation and in EMM, lacking the adjusted to 150 tAl total volume in buffer A [20 mM it-2-hydroxy-
selective amnino acids, after transformation (Alfa et al., 1993). ethylpiperazine-N'-2-ethanesulfonic acid, pH 7.5, 1 mM EDTA, 5

mM dithiothreitol, 0.1% 3-([3-cholamidopropylldinmethylammonio)-
Cloning of Human Bak cDNA 2-hydroxy-l-propanesulfonate, 10% sucrose], and added to a single

well of a 96-well plate. Reactions were started by addition of 50 t 1

The human bak cDNA was cloned by polymerase chain reaction of fluorogenic tetrapeptide-aminomethylcoumarin (AMC) sub-
(PCR) amplification from a HepG2 cDNA library using the primers strates to a final concentration of 10 MM. The following substrates
5'-ATTCCTGGAAACTGGGCTC-3' and 5'-TGGAGTGCACCACT- were used: DEVD-AMC and YVAD-AMC. Fluorescent AMC prod-
TGCTAAAG-3'. The resulting PCR product was digested with uct formation was measured at excitation 360 nm, emission 460 nm,
Bamul-l and Ilindill and cloned into the corresponding sites in using a cytofluor II fluorescent plate reader (Millipore, Bradford,
Blluescript pSK-Il (Stratagene, La Jolla, CA). MA). The change in fluorescence was measured over I h and

expressed as the change in fluorescence per hour. 293 cell lysates
were prepared in buffer A from 1.8 X 106 cells on 10-cm di#~es 24 h

Plasmnid Constructions after transfection using standard calcium phosphate methods with
The vectors pR-,EP3X (hct2 marker) and pREP4X (ltra4 marker), con- either 50 Ag pClneo (Promega, Madison, WI) alone, 50 tag total of
taining the thiamine repressible ndt promoter, were rsed for con- pClneo/pClp35, pCIBax/pClneo, or pCIBax/pClp35 at equal molar

ditional expression of cDNAs in S. potlbe (Forsburg, 1993). All ratios. Fifty micrograms of extract were used per assay point and

cDNAs were blunted and subcloned into the Snial site of these determinations were made in duplicate.

vectors. The human bcl-2 cDNA was excised from pRcCMV-Bcl-2 by
digestion with Xbal and Hind~ll. The human Bax cDNA was ob- p35 Inhibition Assays
tained from pcDNA3-hIubax by digestion with EcoRl. The 1'cl-XL
cDNA was taken from pSKIIBcI-X1 by EcoRI digestion. The human Lysates (50 Ag total protein) from S. ponbe Bax/p35, Bak/p35, and
liak cDNA was excised from pSKII-Bak by digestion with BapnHI and Rep/p35 double transformants or pRep transformants as a control
Hindill. The p3 5 cDNA was excised from pPRM-3K-ORF (Sugimoto were prepared by glass bead disruption or, alternatively, 50 ng of
et al., 1994) by digestion with BanHI1. The 0cI-2 (G145A) mutant was recombinant 6Hisp35 protein were used. Yeast cell lysates or recom-
constructed by PCR amplification using the plasmid M1-3 (Yin ct binant p35 were adjusted to a total volume of 100 gl in buffer A,
at., 1994)as a template and the following primers: 5'-ATCAGTCTC- added to a single well of a 96-well plate, and 1 U of recombinant
GAGACTATGGCCGCACGCTGGGAGA-3' and 5'-ATCGATCTC- purified active CPP32 protease (Nicholson et al., 1995) was added in
GAGTCACTTGTGGCTCAGATAGGC-3'. The resulting PCR prod- a volume of 75 td. The substrate DEVD-AMC was then added in 25uct was digested with Xholand subcloned into pREP3X. The proper A] of buffer A to a final concentration of 10 MM and release of the

construction of all plasmids was confirmed by DNA sequencing. fluorogenic AMC product was monitored is described above. Inhi-
bition of CPP32 activity by lysates or recombinant purified p35
protein was expressed as a percentage relative to the DEVD-AMC

Transformation and Induction of Protein Expression cleaving activity obtained when I U of CPP32 is combined with 75

Transformations were performed using the lithium acetate method Ag of Rep3X control extract.
(Moreno et al., 1991). Cells were maintained in media (EMM lacking
uracil and/or leucine) containing 5 Ag/ml thiamine to prevent Manmalian Cell Viability Assay
induction of the f1int promoter. Cells were then cultured either on -

plates or in liquid media in the presence or absence of thiamine. 293 cells (2 X 10' /well) in 6-well plates were transfected by calcium
Cells in liquid culture were periodically diluted to sustain log phase phosphate precipitation with pClneo/pClBax/pClp35 as appropri-
growth. ate in an equal molar ratio. One-fifth the amount of pRcC7rV-p-

galactosidase expression vector was cotransfected as a marker for
transfected cells. Twenty-four hours after transfection, cells were

innunmoblot Assays fixed and LacZ-expressing cells were visualized using 5-bromo-4-

Cells were harvested by centrifugation, washed once with phos- chloro-3-indolyl-o-D-galactopyranoside as a substrate. Percentage
phate-buffered saline, and resuspended in Laemmli buffer. The of death was determined as the ratio of round blue cells to total
resulting lysates were kept at -7 0 'C until used, boiled for 15 min, (round + flat) blue cells x 100. Experiments were done in triplicate
and briefly centrifuged, and the supernatants were run in 12% and are expressed as the mean value t SD.
polyacrylamide gels. Samples were normalized for cell number,
determined by optical density at ODr0. Immunoblotting was per-
formed using an enhanced chemiluminescence method (Krajewski
et al., 1996b). Antibodies used for these studies included polyclonal
rabbit antisera huBax 1701, huBak 1764, and huBcl-X 1695 and the
anti-human Bcl-2 monoclonal antibody 4D7 (Krajewski et al., 1994-
1996a; Reed et al., 1992).

Electron Microscopy (EM)
Cells were harvested at the indicated times by centrifugation,
washed once with phosphate-buffered saline, and fixed for 30 min in
4 M phosphate buffer containing 3% glutaraldehyde. After two
washing steps with 4 M phosphate buffer, cell pellets were embed-
ded in Epon. Cells were postfixed and counterstained with 0.5'%
osmium tetroxide and 1% uranyl acetate, cut ultrathin, and placed
on grids (Krajewski et al., 1993). Sections were imaged using a
Hitachi H-600 electron microscope.



RESULTS

Expression of Bax or Bak Confers a Lethal
IPhenotype in S. pombe
cDNAs encoding the human Bax and Bak proteins As shown in Figure 2,A and B, culturing cells that

were subcloned into the S. pornbe vector pREP3X, contained Bax or Bak expression plasmids in thia-

which utilizes an nmt ("no message with thiamnine") mine-deficient medium (to induce the nuit promoter)

promoter for conditional expression of heterologous resulted in a time-dependent.decline in the numbers

cDNAs. The presence of thiamine in the growth of viable clonigenic cells that could be subsequently

media represses expression of this promoter, recovered on plates containing thiamine, with >75%

whereas removal of thiamine induces the promoter inhibition of viable colony formation within -10 h

with a lag time of -12 h (Maundrell, 1990). S. pombe and nearly complete suppression of colony formation

cells (strain SOP444) were transformed with the Bax occurring within -14 h (data normalized relative to

and Bak expression plasmids or thý parental efficiency of rescue of cells containing the pREP pa-

pREP3X plasmid as a control. Transformants were rental plasmid as a control). Using trypan blue stain-

initially plated on media containing thiamine, thus ing, we observed the appearance of dying cells around

repressing the nrnt promoter, and then single colo- 10-14 h (our unpublished results), consistent with the

nies were isolated, streaked onto plates containing plating results. These data are consistent with a lethal

or lacking thiamine, and assayed for their ability to effect of Bax and Bak on S. pombe.

grow. As shown in Figure 1A, yeast calls carrying
the Bax expression plasmid were markedly im- Bcl-2 and BcI-XL Rescue S. pombe from Lethal

paired in their ability to grow on plates lacking Effects of Bax and Bak

thiamine compared with cells containing the control Bcl-2 and Bcl-XL are anti-apoptotic members of the
plasmid. In contrast, transformants containing the Bcl-2 protein family that have been reported to sup-
Bax and control plasmids grew equally well on thi- press the cell death-promoting effects of Bax and Bak
amine-supplemented medium. Similar results were in mammalian cells (Oltvai et al., 1993; Chittenden et

obtained for Bak (our unpublished results). al., 1995a,b; Farrow et al., 1995). Bcl-XL can het-
To determine 'whether Bax and Bak induce cell erodimerize with both Bax and Bak, whereas Bcl-2

death as opposed to a reversible growth arrest,yeast interacts efficiently with Bax but more poorly with Bak
cells that had been transformed with the Bax, Bak, (Farrow et al., 1995). Certain loss-of-function mutants
or control plasmids were cultured in liquid media of Bcl-2, such as Bcl-2 (G145A), fail to heterodimerize
without thiamine to induce the nrnt promoter. Ali- • with Bax and also do not suppress apoptosis (Yin etal.,

quots of these cultures were then removed at vari- 1994). To determine whether the expression of Bcl-2 or

ous times and plated onto solid media containing Bcl-X1 can rescue fission yeast from Bax- or Bak-in-
thiamine. If the growth inhibition mediated by Bax duced cell death, S. poiube cells containing Bax or Bak
and Bak was reversible, then plating the cells on expression plasmids were transformed with expres-
thiamine-containing medium would be expected to sion plasmids encoding wild-type Bcl-2, mutant Bcl-
rescue the cells and result in colony-forming units at 2(G145A), or BcI-XL under the control of the nmt pro-
frequencies comparable to cells carrying the control mooter in pREP4X which carries a URA4 selectable
plasmid. Conversely, if Bax and Bak kill S. porn be, marker as oposed to the LEU2 marker in REP3X
then the cells should not be rescuable on thiamine- pp p

plasmid from which Bax and Bak were expressed.
supplemented medium. After initial plating on thiamine-containing medium

to repress the unit promoter and thus prevent expres-
sion of Bax and Bak, single colonies of these transfor-
mants were streaked onto plates that contained or
lacked thiamine. Both Bcl-2 and Bcl-XL restored
growth to Bax- and Bak-expressing cells when plated
on thiamine-deficient medium, as illustrated by the
representative experiment shown in Figure lB. In con-
trast, Bax- and Bak-expressing cells that contained the
plasmid encoding the mutant Bcl-2 (G145A) protein

failed to grow when streaked on thiamine-deficient
medium. Comparable growth was observed for all
transformants when streaked onto plates containing
thiamine-supplemented medium, demonstrating the
specificity of these results (Figure 1B). Bcl-XL consis-
tently afforded more protection than Bcl-2 in these
assays, not unlike some results involving mammalian
cells (Gottschalk et al., 1994). Similar results were ob-
tained with -10 other independent clones of each
transformation.



The ability of Bcl-XL. and Bcl-2 to rescue Bax- and ficity of the results. Growth of all transformants was
Bak-expressing S. pombe cells was also observed in comparable in thiamine-supplemented medium (our
experiments where cells were transiently cultured in unpublished results), consistent with the thiamine-
thiamine-deficient medium to induce the nmt pro- mediated repression of the fint promoter.
moter in the pREP3X and pREP4X plasmids that con- As an additional control, we examined the effects of
tained bax, bak, bcl-2, and bcl-XL cDNAs, and then at Bcl-2 and Bcl-XL on the growth of S. poinbe in the
various times thereafter were replated onto thiamine- absence of Bax or Bak. Cells transformed with the
containing medium to shutoff expression of Bax and pREP4X-Bcl-2 plasmid and pREP3X, the same paren-
Bak. As shown in Figure 2, 25-50% of the cells that had tal plasmid from which Bax and Bak were expressed
been cotransformed with the pREP4X-Bcl-XL plasmid but without the bax or bak cDNAs, grew at rates com-
and either the pREP3X-Bax (Figure 2C) or the parable to control transformants containing only the
pREP3X-Bak (Figure 2D) plasmid were rescuable pREP4X an'd pREP3X parental plasmids (Figure 3C).
when plated on thiamine-containing plates after a pe- Thus, Bcl-2 by itself did not have an effect on growth.
riod of growth in thiamine-deficient medium. Similar In contrast, yeast cell's transformed with pREP4X-
results were obtained with Bcl-2, but the rescue was Bcl-XL and pREP3X grew somewhat faster than con-
less effective compared with BcI-XL (our unpublished trol transformants containing the pREP4X and
results). In contrast, the cells transformed with the pREP3X parental plasmids in some experiments (e.g.,
pREP4X parental plasmid (lacking a bcl-XL or bcl-2 Figure 3), but grew at rates essentially identical to
cDNA) and either pREP3X-Bax or pREP3X-Bak were control transformants in others. Taken together, these
all unrecoverable within 24 h of growth in thiamine- data in Figure 3 support the contention that Bcl-2 and
deficient medium, as mentioned above (Figure 2, A Bcl-XL specifically suppress the lethal effects of Bax
and B). Since coexpression of Bcl-XL allowed cells to and Bak in S. pomnbe, whereas the Bcl-2 (G145A) mu-
survive a transient exposure to Bax or Bak, resulting in tant does not.
increased numbers of viable clonigenic cells, we con-
clude that BcI-XL is capable of abrogating the lethal Time Courses of Bak and Bax Protein Accumulation
effects of Bax and Bak in S. pombe. Correlate wvith Kinetics of Growth Inhibition

Finally, the effects of Bcl-2 and Bcl-XL on Bax- and in S. pomnbe
Bak-expressing S. poinbe cells were examined by grow- The time courses of Bax, Bak, Bcl-XL, and Bcl-2 protein
ing cells in thiamine-deficient liquid culture medium accumulation were evaluated by immunoblotting of
and spectrophotometrically assessing the cell culture
densities over a -2-day period by measuring the ab- the various S. poinbe transformants after inducing cells
sorbance at 600 nm. As shown in Figure 3, when S. in thiamine-deficient medium. These experiments
poinbe cells containing the pREP3X-Bax or pREP3X- were performed in parallel with the growth studies
Bak plasmids in combination with the pREP4X control described above in Figure 3, thus allowing direct com-
plasmid lacking a bcl-2 or bcl-XI, cDNA were switched parisons of expression of these Bcl-2 family proteinsS from thiamine-containing medium to thiamine-free with function. As shown in Figure 4, production of the
medium, growth as defined by OD60i nei began to Bax and Bak proteins was either undetectable or just

cease by - 24 h. In contrast, the cell densities in barely detectable by immunoblotting at the earliest
cultures of S. pombe cells that contained the pREP4X- time examined (14 h) but became maximal at 24-36 h
Bcl-Xl or pREP4X-Bcl-2 expression plasmids along after seeding cells into thiamine-deficient medium.
with either pREP3X-Bax or pREP3X-Bak continued to When compared with the data above in Figure 3, these
increase at 24 h, with faster rates of growth seen in the immunoblotting data therefore suggest that accumu-
Bcl-X1 - than the Bcl-2-expressing cells (Figure 3, A and lation of the Bax and Bak proteins coincides roughly
B). Cells that coexpressed the Bcl-2 (G145A) mutant with the onset of growth inhibition. The observation

protein with either Bax or Bak, on the other hand, that 10-15 h of Bax or Bak induction renders cells
ceased growing after -24 h, thus verifying the speci- nonviable (Figure 2) suggests that these proteins canhave effects on S. poinbe cells at modest expression

levels.
The time courses of induction of Bcl-2 and Bcl-XL

were similar to those of Bax and Bak, as might be
expected given that the same nmt promoter was used
for driving expression of these anti-apoptotic proteins
in S. pombe. Note that the wild-type and mutant Bcl-2
(G145A) proteins were produced at comparable levels
in yeast, thus excluding insufficient production of the
mutant Bcl-2 (G145A) protein as an explanation for its
failure to rescue cells from Bax- and Bak-induced
death. The levels of Bax and Bak produced in yeast
containing the Bcl-XL or Bcl-2 expression plasmids



were typically comparable to or even greater than analysis. Similar results were obtained for Bak-ex-
those seen in cells that expressed flax or flak in the pressing S. pomnbe cells (our unpublished results). De-
absence of these anti-apoptotic proteins, thus dis- spite the presence of focal chromatin condensation in
coun'ting lower levels of Bax and Bak protein as the Bax- and Bak-expressing S. pombe cells, we were un-
explanation for the rescue of S. pombe by Bcl-XI, and able to detect the presence of fragmented DNA having

Bcl-2 (our unpublished results). Moreover, the maxi- the oligonucleosomal pattern typical of apoptotic cells
mum relative levels of Bax and Bak reached in fission by agarose gel electrophoresis.
yeast cells were comparable to those seen in several To explore whether these morphological changes
mammalian tissues when samples were normalized were specifically associated with the cell death process
for total protein content (Krajewski et al., 1996a, and induced by Bax and Bak versus merely a characteristic
our unpublished results). Thus, it cannot be argued of producing Bax or Bak protein in this fission yeast,
that supraphysiological levels of these cell death-pro- EM analysis was performed for S. pombe cells coex-
moting. proteins were obtained in S. pombe. Analysis of pressing Bcl-XL with either Bax or Bak. Immunoblot
control transfected S. pombe cells that contained the analysis confirmed that the relative levels of the Bax
same pREP 3X and pREP 4X plasmids without bax, and Bak proteins produced in these Bcl-X 1-expressing
bak, bcl-XL, or bcl-2 cDNA inserts ("C") revealed no cells were as high as those seen in cells expressing Bax
proteins that could be detected by antibodies directed or Bak alone without Bcl-XL (our unpublished results).

against the human proteins, thus confirming the spoc- In fact, the levels of Bax and Bak tended to be approx-
ificity of the immunoblotting results (Figure 4). imately twofold to threefold higher in the Bcl-XL-ex-

pressing cells (our unpublished results), possibly be-

Morphological Analysis of Bax- and Bak-expressing cause these cells were able to tolerate higher levels of
S. pombe by EM these proapoptotic proteins. EM analysis of these cells

The distinct morphological features that characterize revealed that about one-half to three-quarters of the

apoptosis in animal cells are best demonstrated by Bcl-XL-expressing cells retained the morphological

transmission EM (reviewed in Wyllie et al., 1980). We features of control cells, whereas the others developed

therefore*analyzed by EM the morphology of S. pombe the cytosolic condensation, vacuolization, and focal
aa result of expressing chromatin condensation that was seen in essentially

cells undergoing cell death as aall of the cells that expressed Bax or Bax alone in the
fBax or Bak. As shown in Figure 5, striking differences
were seen in the morphology of control cells that absence of Bcl-XL (Figure 5C). These morphological

car and the data are in general accord with the clonogenic assay
farried plasmids lacking cDNA inserts (A) xng cel (Figure 2) which also demonstrates a partial rescue
S Bax-expressing S. pombe cells (B). Bax-expressing cells from Bax/Bak-induced death. The incomplete rescue
uniformly developed massive vacuolization of the cy- in these assays is possibly due to clonal differences in
tosol. The cytosol also became electron dense ("cyto- the copy number of the episomal plasmid from which
solic condensation"), similar to previous descriptions Bcl-XL was expressed.
of programmed cell death in plant and animal cells. These morphological features of dying S. pombe cells

However, the size distribution of control and dying were not unique to Bax and Bak, since overexpression

fBax-expressing cells was approximately the same, and of the protein tyrosine phosphatase pypl produced

thus Bax expression did not induce the cell shrinkage many of the same changes but with a delay of -- 1 d

typical of mammalian cell apoptosis. Also, unlike ap- relative to Bax and Bak. The pypl phosphatase in-
optosis in animal cells, plasma membrane blebbing duces a G2-M arrest followed by cell death (Ottilie et
'was not observed, but at higher resolution (our un- al., 1992). EM analysis of pypl-expressing cells dem-

published results) invaginations of the plasma mem- onstrated elongation of the cells consistent with a
brane were commonly present beneath the cell wall in. G2-M arrest (our unpublished results), followed -1 d
Bax- and Bak-expressing cells. Foci of chromatin con- later by the massive vacuolization and other changes
densation were present in the nucleus of Bax-express- seen in Bax- and Bak-expressing S. poombe cells. Multi-
ing cells but .not in the control cells. No evidence of focal chromatin condensation, however, was less evi-
nuclear fragmentation or of chromatin margination dent in these pypl-expressing cells compared with
against the nuclear envelope was obtained by EM Bax and Bak (our unpublished results). Similar mor-

phological features have been described recently for S.
cerevisine overexpressing histone H1 (Miloshev et al.,
1994), further suggesting that the morphology pro-
duced as a result of ectopic expression of Bax and Bak
in S. pomibe is not unique to these mammalian pro-
apoptotic proteins.



ADL'_cc o af -etectablI-e i6VCED-3-Iikc Pro tease
C Activihj in S. pombe Cells Undergoing Bax- and

Bak-nnddiated Cell Death

The induction of apoptosis in mammalian cells is typ- Despite the production of biologically active p35 in
ically accompanied by the activation of proteases of yeast, no suppression of the lethal phenotype con-
the lCE/CED-3 family (reviewed in Martin and Green, ferred by Bax and Bak was observed in cells that
1995). These proteases cleave their substrates specifi- coexpressed p35 with these proapoptotic proteins (our
cally after aspartic acid. To address the question of unpublished results). Similarily, Bax- and Bak-in-
whether S. pombe cells undergoing~cell death due to duced lethality were also not impaired in yeast in
the expression of box contain similar protease activi- which p35 expression was driven by a constitutive
ties, lysates were prepared from cells after inducing ADl-I promoter (our unpublished results). In contrast,
Bax expression from the umnt promoter in pREP3X as in 293 cells both the Bax-induced DEVD-AMC cleav-
well as from control cells containing the same plasmid ing activily (Figure 6B) and flax-induced cell death are
without Bax. Tn vitro assays for ICE/CED-3 protease inhibited by overexpression of p35 (Figure 6D). Taken
activity were then performed using two different flu- together, these results suggest that S. pombe lack pco-
orogenic peptide substrates that are known to be ef- tease activities similar to the ICE/CED-3 family pro-
fective for one or more ICE/CED-3 family proteases: teases that become activated during apoptosis in ani-
YVAD-AMC and DEVD-AMC (Nicholson et al., 1995). real cells. Furthermore, such proteases are evidently
Neither of these substrates was cleaved by S. pombe not the effectors of cell death induced by Bax and Bak
lysates expressing Bax (Figure 6A). In contrast, Bax in fission yeast.
overexpression in mamnmalian 293 cells leads to an
increase in DEVD-AMC cleaving activity (Figure 6B).

p35 Does not Rescue Bax-induced Cell Death
in S. pombe

-To further explore the possibility that ICE/CED-3-
like proteases are involved in the Bax/Bak-medi-
ated cell death process in S. pombe, we constructed
an expression plasmid containing a cDNA for the
baculovirus p35 gene under the control of the rmi
promoter. The p35 protein binds to and inhibits the
enzymatic activities of all known ICE/CED-3 family
proteases (Rabizadeh et al., 1993; I-lay et al., 1994;
Sugimoto et al., 1994; Bump et nt., 1995; Xue and
Horvitz, 1995; Bertin ct al., 1996). The p35 protein
has also been shown to block apoptosis and pro-
grammed cell death in a wide range of animal spe-
cies or cells derived from them, including nema-
todes, flies, ants, mice, rats, and humans (Clem and
Miller, 1994; Pronk ct al., 1996; White ct al., '1996).
Yeast containing the pREP3X-Bax, pREP3X-Bak, or
pREP3X plasmids were transformed with pREP4X-
p35 or the same vector without a cDNA insert as a

control. Cells were then grown to mid-log phase in
thiamine-deficient medium to induce the expression
of p35 and Bax and Bak. Cell lysates were prepared
and tested for their ability to inhibit the activity of
the ICE/CED-3-family protease CPP32 using an in
vitro protease assay. These experiments demon-
strated that an inhibitory activity consistent with
p35 was specifically produced in the cells trans-
formed with the p35 but not in cells transformed
with the parental plasmid pRep (lysates normalized
for total protein content). As an additional control,
recombinant purified p35 protein (2.5 ng) was
added to this in vitro protease assay, resulting in
-99% inhibition of CPP32 activity (Figure 6C).
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Figure 5. EM analysis of Bax-expressing S. 1711be. Cells were transformed with either pREP3X (A), pREP3X-Bax (B), or pREP3X-Bax pluspREP4X-Bcl-X1 (C) and then grown for I d in thiamine-deficient medium prior to fixing cells and performing EM analysis.
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Figure 6. Lack of ICE/CED-3-like protease activity in Bax-transformed S. poml)e cells. In A, lysates were prepared from S. t'onibe cells

cotransformed with pREP4X and either the pREP3X parental plasmid (hatched bar; no activity) or pREP3X-Bax (stippled bar) at 12 h after
diluting them into thiamine-deficient medium. The relative amount of release of fluorogenic product (AMC) from the peptide substrates
DEVD-AMC and YVAD-AMC in 1 h is shown in arbitrary fluorescence units (AFU). As a control, 1 U of purified recombinant CPP32 (solid

bar) is shawn using DEVD-AMC as a substrate. (This protease cleaves the peptide substrate DEVD-AMC (.Nicholson et a/., 1995.) In B, 293

lysates were prepared 21 h after transfection with 50 /g of pClneo or 25 ttg each of pClneo/p35, Bax/pCIneo, or Bax/p35. The relative
amount of release of fluorogenic product (AMC) from peptide substrate (DEVD-AMC) (AFU) in 1 h is shown in arbitrary fluorescence units.
In C, S. pombe cells were transformed with either pREP3X-Bax, pREP3X-Bak, or pREP3X parental plasmid, with or without pREP4X-p35 as

indicated. Cell lysates were prepared and tested for their ability to inhibit CPP32-mediated cleavage of DEVD-AMC. Specified amounts of

each extract were mixed and their ability to inhibit rCPP32 activity was assayed. Results are expressed as percentage of control which
corresponds to the activity obtained when rCPP32 is combined with extract from control vector-transformed cells (pREP). The degree of
inhibition obtained by addition of 2.5 ng of affinity-purified 6His recombinant p35 (rp35) is included for comparison. In D, 293 cells were

transfected as in B except 1 jig of pRcCMV-LacZ LncZ expression vector was included with each transfection. Twenty-four hours after

transfection, cells were fixed and the presence of functional LacZ was detected with 5-bromo-4-chloro-3-indolyl-/-D-galactopyranoside.
Percentage of dead cells was determined as the ratio of round (dead) blue cells to flat (live) blue cells.



CONCLUSIONS

Using yeast genetics approaches, we discovered a new apoptosis-suppressing
gene, BI-1, and we learned that the mitochondrial proton-pump plays an
important role in Bax-induced cell death. Our paper on the proton-pumpt
and on BI-1 were the subject of a special minireview in CELL (8) about using
yeast genetics to study apoptosis, thus reflecting the novelty of the approach
and scientific interest in our findings (reprint attached). This new knowledge
provides totally unexpected and previously unanticipated starting-points for
attempting to restore or replace Bax's cytotoxic function in breast cancers that
have lost expression of this important cell death gene.
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Bax Inhibitor-i, a Mammalian Apoptosis Suppressor
Identified by Functional Screening in Yeast

Qunli Xu and John C. Reed* proteins, irrespective of other functions related to their
The Burnham Institute ability to interact with several types of proteins in cells
Program on Apoptosis and Cell Death Research (Reed, 1997a).
La Jolla, California 92037 The mammalian Bax protein confers a lethal pheno-

type when expressed in either the budding yeast Sac-
charomyces cerevisiae or the fission yeast Schizosac-

Summary charomyces pombe (Sato et al., 1994; Greenhalf et al.,
1996; Zha et al., 1996; Ink et al., 1997; JArgensmeier et

The mammalian proapoptotic protein Bax confers a al., 1997). The cell death induced by Bax or its close
lethal phenotype when expressed in yeast. By ex- relative Bak is not attributable to nonspecific toxicity
ploiting this phenotype, we have identified a novel hu- caused by overexpression of a heterologous protein,
man Bax inhibitor, BI-1. BI-1 is an evolutionarily con- since antiapoptotic Bcl-2 proteins can rescue yeast from
served integral membrane protein containing multiple Bax/Bak-induced lethality. Moreover, mutants of Bcl-2
membrane-spanning segments and is predominantly and BcI-XL that fail to protect in mammalian cells are
localized to intracellular membranes, similar to Bcl-2 inactive at suppressing Bax-induced cell death in yeast.
family proteins. Moreover, BI-1 can interact with Bcl-2 In addition, certain mutations of Bax and Bak that abol-
and Bcl-XL but not Bax or Bak, as demonstrated by in ish their proapoptotic function in mammalian cells also
vivo cross-linking and coimmunoprecipitation studies. abrogate their lethal effects in yeast (Zha et al., 1996;
When overexpressed in mammalian cells, BI-1 sup- Ink et al., 1997). Recently, Bax has been shown to induce
pressed apoptosis induced by Bax, etoposide, stauro- release of cytochrome c from mitochondria in yeast (Ma-
sporine, and growth factor deprivation, but not by Fas non et al., 1997), which further suggests commonalities
(CD95). Conversely, BI-1 antisense induced apoptosis. in the mechanisms by which Bax induces death in yeast
BI-1 thus represents a new type of regulator of cell and mammalian cells, given that apoptosis is often asso-
death pathways controlled by Bcl-2 and Bax. ciated with release of cytochrome c from mitochondria

Introduction in mammalian cells (reviewed by Reed, 1997b). In addi-
tion, a requirement for the F0F1-ATPase proton pump of

Bcl-2 family proteins are centrally involved in control mitochondria has been demonstrated for optimal cell

of programmed cell death (PCD), with some inhibiting death-inducing function of Bax in both yeast and mam-

(Bcl-2 and Bcl-XL) and others promoting (Bax and Bak) malian cells (Matsuyama et al., 1998 [this issue of Molec-

apoptosis (reviewed in Reed, 1994; Yang and Kors- ular Cell]).

meyer, 1996; Kroemer, 1997). The ability of Bcl-2 family By exploiting the lethal phenotype of Bax in yeast, we
proteins to regulate cell life and death is conserved reasoned that it should be possible to identify mamma-
across evolution. For example, the nematode Caeno- lian proteins that suppress Bax function by screening
rhabditis elegans contains a Bcl-2 homolog, CED-9, that cDNA expression libraries for clones that rescue yeast
is essential for the viability of these animals, and expres- from Bax-mediated cell death.
sion of the human Bcl-2 protein in C. elegans can rescue
CED-9-deficient worms (Vaux et al., 1992; Hengartner
and Horvitz, 1994). The human Bcl-2 protein can also Results
block apoptotic cell death in insect cells (Alnemri et al.,
1992), and human Bcl-2 can protect some mutant yeast cDNA Cloning of Human BI-1
strains from death induced by oxidative injury (Kane et A yeast strain (QX95001) was constructed by trans-
al., 1993). forming the Bax-expression plasmid YEp51-Bax, en-

The biochemical mechanism of action of Bcl-2 and coding the full-length mouse Bax protein under the con-
its homologs is controversial (reviewed by Reed, 1997a). trol of the galactose-inducible yeast GAL10 promoter
Recent determination ofthethree-dimensional structure (Zha et al., 1996), into strain BF264-15Dau (Lew et al.,
of BcI-XL suggests similarity to the pore-forming do- 1991). These yeast cells died upon transferfrom glucose
mains of some bacterial toxins, particularly diphtheria to galactose-containing medium, which induces the
toxin and the colicins (Muchmore et al., 1996). These GAL 10 promoter in this plasmid and leads to accumula-
toxins function by forming channels in membranes that tion of Bax protein in yeast (Zha et al., 1996). A human
transport either ions or proteins (Donovan et al., 1981; HepG2 cDNA expression library (Lew et al., 1991) was
Cramer et al., 1995). Several members of the Bcl-2 fain- transformed into the QX95001 strain and screened for
ily, including Bcl-2, Bcl-XL, and Bax, are capable of form- Bax-resistant transformants by plating on galactose-
ing ion-conducting channels in synthetic membranes in containing solid medium. From a screen of _106 trans-
vitro (Antonsson et al., 1997; Minn et al., 1997; Schendel formants, 17 displayed Bax resistance. Of these, 4 were
et al., 1997; Schlesinger et al., 1997). Thus, some Bcl-2 determined to be dependent on the introduced cDNA-
family proteins may have intrinsic activities as channel library plasmid by "con-commitant-loss" assay (Ausubel

et al., 1991). The nucleotide sequences of 3 of these
*To whom correspondence should be addressed. cDNA clones encoded the same protein, designated
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Figure 1. B]-I Suppresses Bax-Induced Yeast Cell Death TMI
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(B) Protein extracts were prepared from QX95001 transformants
used in (A) that contained control or 13-- -encoding plasmids. Cells F - vied Protein with Several

Figure~~~~~~~ ~~~~~ 2. BI- Is anEouinr osre rti ihSvrL

were grown in glucose-containing medium (0 = dextrose) and then Predicted Membrane-Spanning Domains
transferred to galactose-containing medium (G) for 20 hr. Total pro-
tein extracts (20 ipg/lane) were subjected to SDS-PAGE and immu- Thprdceamnaidsqnesfhunatadmoe -
noblot analysis using anti-mBax antiserum. 1-proteins, as well as the homologous C. elegans and Arabidopsis

proteins are aligned, with identical residues in boxes. The predicted
6 TM domains of the human BI-1 protein are indicated in brackets.

BI-1, for Bax Inhibitor-i. BI-1 did not interfere with pro-
duction of the Bax protein in yeast, as determined by which share only 23% identity in their amino acid se-
immunoblot analysis (Figure 1). quences. The putative Arabidopsis homolog (EMBL

#Z97343) is 261 residues in length, sharing 29% amino
The Predicted BI-1 Protein Contains Several acid sequence identity (45% similarity) with the human
Membrane-Spanning Segments BI-1 protein.
All three BI-1 cDNAs obtained by the functional yeast Based on Kyte-Doolittle hydropathy analysis (Kyte
screen contained an open reading frame (ORF) encoding and Doolittle, 1982), the BI-1 protein is predicted to
a predicted protein of 237 amino acids. The predicted contain 6 or 7 transmembrane (TM) domains. The C
AUG start codon for this ORF was within a favorable termini of the mammalian BI-1 proteins are comprised
context for translation initiation (Kozak, 1997) and was of basic amino acids resembling some nuclear targeting
preceded by an in-frame stop codon. A search against sequences (Dingwall and Laskey, 1991), but otherwise
the available nucleotide sequence databases using the the predicted proteins lack motifs that suggest a func-
BLAST program (Altschul et al., 1990) revealed that BI-1 tion. Of note, BI-1 does not contain any of the conserved
is essentially identical to TEGT ("testis enhanced gene BH domains of Bcl-2 family proteins. By searching a
transcript"), a cDNA previously cloned fortuitously dur- transmembrane protein database (TMbase) using the
ing an attempt to identify testis-specific genes (Walter TMpred program (Hofmann and Stoffel, 1993), the most
et al., 1995). The rat TEGT protein has also been de- favored membrane topology for mammalian BI-1 is with
scribed and shares 90% identity (95% similarity) with the 6 membrane-spanning domains and both the N and C
human protein (Walter et al., 1994). Additional previously termini oriented toward the cytosol. The putative trans-
undescribed homologs of BI-1 were also identified by membrane segments are predicted to assume mostly an
BLAST searches in mouse, and possibly in the nema- o•-helical conformation. Triton X-1 14 partitioning studies
tode C. elegans and the plant Arabidopsis thaliana. The confirmed that BI-1 is an integral membrane protein
mouse BI-1 protein, as deduced from ESTs #AAG1 5124, (data not presented). RNA blot analysis indicated that
AA275830, AA467259, AA107704, and W59401 is 237 BI-1 is widely expressed in vivo, including heart, brain,
amino acids in length and shares 92% identity (95% placenta, lung, liver, skeletal muscle, kidney, and pan-
similarity) with the human BI-1 protein (Figure 2). The creas (not shown).
C. elegans ORE (EMBL #020241) encodes a protein of

241 amino acids that shares 21 % overall amino acid BI-1 Inhibits Bax-lnduced Apoptosis
identity (37% similarity) with human BI-I. This percent- in Mammalian Cells
age homology shared by the nematode and mammalian Transient transfection of Bax-encoding expression plas-
BI-1 is similar to that reported for Ced-9 and Bcl-2, mids induces apoptosis in the human embryonic kidney
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A B Figure 3. BI-1 Inhibits Cell Death Induced by
Bax or Serum Withdrawal but Not Fas

40- 0 _ , (A) BI-1 protects against Bax-induced apo-
- '+ .•o X' ptosis in 293 cells. 293 cells were transfected

L' with either 9 i[g of vector control, or cotrans-

CJ 2.- * .. A fected with 3 Rg of Bax plasmid and 6 Rg of
20 4either control vector (pcDNA3) or plasmids

ON- Rd -2 encoding BI-1 (with a C-terminal HA tag) or
0 Bcl-2. One day after transfection, floating

B- ÷cells and adherent cells (after trypsinization)
.o* 'oP ,*V- •. were pooled. A portion of the pooled cells

"-• p+ +X" ÷ was subjected to vital dye trypan blue exclu-
0+b+ ,sion assay counting at least 300 cells (mean+

SD; n = 3).
D(B) Extracts were prepared from another por-

40 40 100 tion of the transiently transfected 293 cells

described in (A) above and subjected to SDS-
2 .30 .4, 7.5 PAGE/immunoblot analysis. The blot was se-

0 0 .0,S quentially probed with anti-HA monoclonal
0 • antibody, anti-hBax antiserum, and anti-Bcl-2

t <1 " 0 antiserum, with stripping between each de-
°' tection. The predicted band corresponding

oo 0 to the =30 KD BI-1-HA protein is indicated
CIO, 10.• ,¢ ,•,.o1& • •,q o 0 ,,o V" ,,xq'.., with an arrow.

+ • e X (C) 293 cells were transiently transfected with
+1 .either vector control (9 ig) or cotransfected

with 3 I[g of Bax plasmid and 6 ig of either
BI-1 -GFP or Bcl-2 plasmid. Trypan blue dye

positive cells (%) were determined 1 day later (mean -_ SD; n = 3). The expression of GFP-tagged BI-1 was verified by fluorescence microscopy
and by immunoblotting using an anti-GFP monoclonal antibody (now shown).
(D) GM701 cells were cotransfected with a 1t-gal reporter plasmid (0.5 ig) and the indicated plasmids (4.5 pg each). 18 hr after transfection,
cells were washed and cultured in DMEM containing 0.1% FES for another 30 hr. Floating and adherent cells were fixed and stained with
X-gal. The percentage of blue cells (transfected) with apoptotic morphology was determined (mean ± SD; n = 3).
(E) 293 cells were transfected with either vector control (8.5 Rtg) or cotransfected with 0.5 Rg of Fas-encoding plasmid and 8 [pg of either
vector, or BI-1-GFP-, or Bcl-2- or XIAP-encoding plasmids. GFP-encoding plasmid (0.5 tg) was included in all transfections. 20 hr after
transfection, both floating and adherent cells (after trypsinization) were pooled, fixed, and stained with DAPI (Zha et al., 1996). The percentage
of GFP-positive cells with fragmented or condensed nuclei (apoptotic) was determined (mean ± SD; n = 3).

cell line 293 (Zha et al., 1996). Consequently, pcDNA3- developed morphological characteristics typical of apo-
hBax was cotransfected with equal amounts of pcDNA3 ptosis when deprived of serum for -30 hr. In contrast,
parental vector (used as a negative control), pcDNA3- GM701 cells transfected with plasmids encoding BI-1 -
BI-1-HA (HA-tagged BI-1), or pRc/CMV-Bcl-2 (used as GFP or Bcl-2 were substantially more resistant to serum
a positive control). One day later, both the floating and deprivation, with only -10% of the cells undergoing
adherent cells were collected and subjected to the try- apoptosis (Figure 3D). Thus, BI-1 is able to suppress
pan-blue vital dye exclusion assay. BI-1 suppressed apoptosis induced by growth factor withdrawal in
Bax-induced cell death in 293 cells to a similar extent GM701 fibroblasts.
as Bcl-2 (Figure 3A). DAPI staining of 293 cell nuclei In many types of cells, apoptosis induced by the TNF-
confirmed that Bax-induced cell death occurred by family receptor Fas (CD95) is poorly abrogated by Bcl-2
apoptosis (not shown). Immunoblot analysis demon- (reviewed by Vaux and Strasser, 1996). We therefore
strated that BI-1 does not interfere with Bax production compared the effects of Bcl-2 with BI-1 in 293 cells
in 293 cells (Figure 3B). where apoptosis was induced by transfection of Fas.

Cotransfection of either BI-1 or Bcl-2 with a Fas-encod-
ing plasmid failed to prevent apoptosis (Figure 3E). In

BI-1 Inhibits Apoptosis Induced by Growth Factor contrast, Fas-induced cell death was markedly sup-
Deprivation, Etoposide, and Staurosporine, pressed by cotransfection of a plasmid encoding XIAP,
but Not Fas a protein that directly binds to and inhibits caspases
The effects of BI-1 overexpression on apoptosis induced required for Fas-induced apoptosis (Deveraux et al.,
by a variety of stimuli were explored. For many of these 1997).
experiments, we employed a green fluorescent protein To further explore the role of BI-1 as an apoptosis
(GFP)-tagged BI-1, because it provided a convenient inhibitor, we examined its effects in FL5.12, an interleu-
marker for transfected cells and because BI-1 -GFP ac- kin-3-dependent pro-B lymphocyte clone previously
cumulated to higher levels than the BI-1 -HA protein (not shown to undergo apoptosis when deprived of IL-3.
shown). Transient transfection studies in 293 cells con- FL5.12 cells were stably transfected with plasmids en-
firmed that the BI-1-GFP protein retained biological coding BI-1-GFP or Bcl-2 (as a positive control) and
activity as a suppressor of Bax-induced cell death (Fig- subclones obtained that expressed BI-1 or BcI-2 at high
ure 3C). levels. BI-1 transfectants were uniformly more resistant

In the human diploid fibroblast line GM701, -30% of to apoptosis induction by IL-3 deprivation, with the ex-
the cells transfected with control GFP-marker plasmid tent of protection correlating roughly with the levels of
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Figure 4. BI-1 Protects against Multiple Apo-A ptotic Stimuli in FL5.12 Lymphocytes
CONTROL CONTROL (A) BI-1 inhibits IL-3 withdrawal-induced

A B1--C12 !9 apoptosis in FL5.12 cells. Stably transfected
-- -BI--C cell lines expressing GFP-tagged BI-1 or un-

100 R" - tagged Bcl-2 were generated by electropora-
S ---- --- -- Xc--2--3 • - tion. Independent clones were obtained by

100 75 ... FL1N - limiting-dilution for BI-1 (clone 12 and 19) and

BcI-2 (clone 3). Cells were grown to a density
of -5 x 101 cells/ml before removing IL-3

0 .,Ci2 from the medium. At various times thereafter,
* samples were removed and subjected to try-

25 .. pan blue dye exclusion assay (mean ± SD;

FLI-H (B) Expression of GFP-tagged BI-1 assessed
0 2 by FACS analysis. Stably transfected FL5.12

TIME• • cells containing either a negative control
BI-1-C19 plasmid (pcDNA3) (top panel) or plasmid en-

coding BI-1-GFP were analyzed by FACS.
The histograms are presented for clone 12

10 4 (middle panel), which expresses BI-1-GFP at
FL1-H high levels, as manifested by a single peak

of green fluorescence at >2 logs above the
negative control (top panel) and for clone 19
(bottom panel), which expresses BI-1 -GFP at

C# Dlevels only -0.5 log above background.
(C and D) FL5.12 cells were cultured with IL-3

ETOPOSIDE STAUROSPORINE and either 5 l-•g/ml etoposide (C) or 0.5 liM
00 .. 100 staurosporine. The percentage of viable cells

was determined at various times thereafter
75 75 - by trypan blue dye exclusion assay (mean _

A "" O ..... SD; n = 3). Some SD bars are obscured by
so CON.TROL s symbols.

.A BO.1-C12

- ~ ~ .. .. &---BI2-C3 -
; 25 .. .......-....

0 01
0 20 40 60 80 0 20 4 60 80

TIME (H) TIME (H)

BI-1 -GFP protein. Figure 4A presents results from two together with a GFP-marker plasmid. The BI-1 anti-
clones, one with only modest and another with high sense (AS) plasmid induced apoptosis of 293 cells in a
levels of BI-1-GFP protein production. Note that even concentration-dependent manner, whereas control plas-
clones with low levels of BI-1-GFP protein exhibited mid had no effect (Figure 5A). Lacking antibodies for
some resistance to IL-3 deprivation, whereas clones detection of endogenous BI-1 protein to verify anti-
expressing high levels of BI-1 -GFP protein displayed sense-mediated down-regulation of BI-1 protein, paral-
pronounced resistance to apoptosis induction by IL-3 lel experiments were performed in which 293 cells were
withdrawal, with the prolongation in cell survival ap- cotransfected with plasmids encoding BI-1 -Flag protein
proaching that seen in Bcl-2-transfected FL5.12 cells, and the BI-1 -AS plasmid. As shown in Figure 5B, the
BI-1 overexpression also afforded protection in FL5.12 levels of BI-1 -Flag protein were markedly decreased in
cells against apoptosis induced by etoposide and stau- 293 cells that received the BI-1 -AS plasmid compared
rosporine. Comparisons of FL5.12 cell clones with vari- to control transfected cells, as determined by immu-
ous levels of BI-GFP expression suggested that BI-1 noblotting. In contrast, the BI-1 -AS plasmid had no ef-
was generally somewhat less effective than Bcl-2 at fect on the levels of tubulin or other proteins examined,
conferring resistance against these agents (Figures 4C confirming the specificity of the results. These antisense
and 4D, and data not shown). experiments provide further evidence that BI-1 regulates

Taken together, the transfection experiments in mam- apoptosis in mammalian cells.
malian cells (Figures 3 and 4) demonstrate that BI-1
has antiapoptotic activity in epithelial, fibroblastic, and
hematopoietic cells, and suggest that BI-1 shares func- BI-1 Is Located in Intracellular Membranes
tional similarity with Bcl-2 in delaying cell death induced Similar to Bcl-2
by Bax, growth factor deprivation, staurosporine, and The Bcl-2 and BcI-XL proteins are associated with intra-
etoposide, but not Fas. cellular membranes, primarily the outer mitochondrial

membrane, endoplasmic reticulum, and nuclear enve-

BI-1 Antisense Induces Apoptosis lope (Krajewski et al., 1993; Gonzdlez-Garcia et al.,
A BI-1 cDNA was subcloned into pcI-Neo in reversed 1994), while Bax appears to be localized mostly to mito-
orientation and transiently transfected into 293 cells, chondria (Zha et al., 1996). To preliminarily explore the
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A B in hypotonic buffer 2 days later and separated into crude

25 subcellular fractions of nuclei (N), heavy membranes
2c 20 (HM), light membranes (LM), and cytosol (C) by differen-
.0- •.-Bl-l-Flag tial centrifugation as described (Wang et al., 1996). As
0- ....... g shown in Figure 6C, BI-1 was found mostly in the HM
CL T5 and N fractions (inferred as nuclear envelope based on0-. •- Tubulin

M10- .the GFP fusion localization studies), as determined by
immunoblot analysis where the fractions were normal-

OR 5. ized for cell equivalents. A small proportion of the BI-
ol 1 -HA protein was also found in the LM fraction. The HM

2 Rg 4 [tg 8 ig fraction contains mitochondria, lysosomes, and rough

Control BI-1-AS ER, whereas the LM fraction contains smooth ER, endo-
somes, and plasma membranes. As a control for the

C fractionation procedure, the same blot was reprobed
Control BI-I-AS with antibodies specific for the mitochondrial inner mem-

brane protein F1-P3-ATPase, the nuclear protein PARP,
and the cytosolic protein CPP32 (caspase-3). Bcl-2 was
found essentially in the same subcellular compartments
as BI-1, with most of this protein associated with the
HM and N fractions (Figure 6C). We conclude therefore
that BI-1 is associated with intracellular membranes,
based on GFP-tagging experiments, immunofluorescence
microscopy, and subcellular fractionation studies.

Recently, it was reported that a subpopulation of Bax
molecules in cells are not integrated into membranes,

but rather are found within a soluble cytosolic fraction,
Figure 5. B1-1 Antisense Induces Apoptosis with the relative proportion of membrane-associated
(A) 293 cells were cotransfected with the indicated plasmids plus 1 Bax increasing after application of apoptotic stimuli (Hsu
ipg of GFP-encoding plasmid. The total amount of plasmid used for et al., 1997). Comparisons of BI-1- and control-trans-
each transfection was normalized at 9 ig. 30 hr after transfection, fected 293T cells, however, demonstrated that BI-1 does
both the floating and adherent cells were pooled, fixed, and stained
with DAPI. The percentage of apoptosis was determined as the ratio not substantially change the relative amounts of Bax
of cells with fragmented or condensed nuclei among GFP-positive protein associated with various subcellular compart-
cells (mean ± SD; n = 3). Data are representative of three indepen- ments (Figure 6C).
dent experiments.
(B) 293 cells were cotransfected with 1 ýtg of Bl-1-Flag-encoding
plasmid in combination with either 8 Rg of pcI-Neo or pcI-Neo- BI-1 Associates with BcI-2 In Vivo
B1-1 -AS. 30 hr after transfection, protein extracts were prepared, The subcellular fractionation data suggest that BI-1 and
normalized for total protein content (30 [Lg per lane), and subjected
to SDS-PAGE/immunoblot analysis using the anti-Flag M2 antibody Bcl-2 colocalize to the same intracellular membranes.
fordetection of 31-1-Flag protein and anti-tubulin antibody to control To address the question of whether BI-1 and Bcl-2 phys-
for loading, ically associate in membranes, we performed in vivo
(C) DAPI-stained cells as described in (A) were visualized and photo- cross-linking experiments. Plasmids encoding either
graphed under a UV microscope. Note at least four typical apoptotic Flag-tagged or HA-tagged BI-1 were cotransfected with
cells with fragmented or condensed nuclei in the B1-1-AS-trans- Bcl-2 into 293 cells. Cells were then incubated 2 days
fected population (right panel). later with the thiol-cleavable chemical cross-linker

DTBP. As shown in Figure 7A, both the HA- and Flag-
intracellular locations of the BI-1 protein, GFP-BI-1 pro- tagged BI-1 proteins could be cross-linked to Bcl-2,
tein was expressed in several different adherent cell suggesting that BI-1 and Bcl-2 come within close prox-
lines (293, Cos-7, GM701). In all three cell lines, fluores- imity to each other in membranes. In contrast, Bax was

cence microscopy demonstrated that BI-1 is exclusively not cross-linked to BI-1 (data not shown).

cytosolic and appears to be associated with intracellular To further explore the interaction of BI-1 with Bcl-2
membranes in a pattern typical of the endoplasmic retic- family proteins, we attempted to coimmunoprecipitate
ulum (ER) and its continuity with the nuclear envelope BI-1 with Bcl-2, Bcl-XL, Bax, and Bak. For these experi-
(Figure 6A and data not shown). In contrast, GFP control ments, 293 cells, which contain high levels of Bak but
protein was diffusely distributed throughout the cells. very little endogenous Bcl-2, Bcl-XL, or Bax, were trans-
Only a small portion of BI-1 appears to be associated fected with Bcl-2, Bcl-XL, or Bax-expression plasmids
with mitochondrial membranes, based on two-color and either Flag-tagged BI-1 plasmid or empty vector. As
analysis using a mitochondria-specific fluorescent dye shown in Figure 7B, Flag-tagged BI-1 protein specifically
(Figure 6B). Similar results were obtained using a Flag- coimmunoprecipitated with Bcl-2, and Bcl-XL but not
tagged BI-1 protein instead of GFP-BI-1 (Figure 6Ac). Bax or Bak. Testing of several deletion mutants of Bcl-2

The intracellular location of BI-1 was also explored by revealed that the BH4 domain is required for interactions
subcellular fractionation experiments. For this purpose, with BI-1 (not shown). This domain is uniquely found in
293T cells were transiently transfected with the BI-1 - antiapoptotic but not most proapoptotic members of
HA-encoding plasmid or vector control. Cells were lysed the Bcl-2 family (Reed, 1997a), presumably explaining
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A Figure 6. BI-1 Is Localized to Intracellular
Membranes and Cofractionates with Bcl-2

(A) Either the parental pEGFP-N2 vector (a)
or plasmid encoding B1-1 -GFP fusion protein
(b) or a plasmid encoding Flag-tagged B1-1
protein (c) was transfected into Cos-7 cells.
18 hr after transfection, cells were seeded in
chamber slides for fluorescence microscopy.
In (a) and (b), cells were analyzed directly us-
ing appropriate filters for visualization of the
green fluorescence resulting from GFP. In
(c), cells were stained with anti-Flag M2 and
FITC-conjugated anti-mouse IgG. Cells stained

5 with secondary antibody alone exhibited neg-
ligible fluorescence (not shown). Photo-
graphs represent -4gOX original magnifi-
cation.
(B) E1-1 -GFP transfected Cos-7 cells were in-
cubated with the Mitotracker dye before be-
ing fixed and visualized by fluorescence con-
focal microscopy using filters appropriate for
the visualization of green (a), red (b), or both
(c), resulting from the BI-1-GFP protein and
the Mitotracker. Data shown are representa-
tive of the majority of doubly stained cells.
(C) 293T cells were transiently transfected
with either parental vector (Control) or plas-

C mid encoding HA-tagged 31-1. Cells were

Control BI-1-HA lysed 2 days later in a hypotonic solution, and
crude subcellular fractionations were pre-
pared. Equivalent proportions of each frac-

Z U Z U tion were subjected to SDS-PAGE/immu-
noblot analysis using antibodies specific for

4- BI-1-HA HA-tag, Bcl-2, Bax, FlI3ATPase (mitochon-
dria marker), PARP (nuclear marker), and

: Bc-2 CPP32 (Caspase-3, cytosolic marker).

... 4- Bax

- 4- FI-P-ATPase

I-PARP

S-4-- CPP32

why Bcl-2 and Bcl-XL but not Bax and Bak form corn- Bax. For instance, BI-1 could act upstream of Bax, af-
plexes with BI-1. fecting the production of Bax or the targeting of Bax

to its proper intracellular locations. Our data, however,
Discussion suggest that BI-1 has no significant impact on the levels

of Bax or its intracellular location. BI-1 does not appear
By undertaking a functional screen for Bax suppressors to be associated with Bax, implying that it does not
in yeast, we have identified a novel human apoptosis inhibit Bax directly. However, physical interaction is not
inhibitor, BI-1. BI-1 is highly conserved throughout evo- necessarily required for mutual antagonism among anti-
lution. It shares no identifiable similarity to Bcl-2 family and proapoptotic Bcl-2 family proteins (Simonian et al.,
proteins or any other proteins implicated in PCD. Thus, 1996; Tao et al., 1997; Zha and Reed, 1997). Given that
BI-1 represents a novel type of apoptosis modulator. the BI-1 associates with Bcl-2 and Bcl-X, in mammalian
Interestingly, however, the predicted transmembrane cells, it is also formally possible that BI-1 functions
topology and intracellular location of the BI-1 protein through a Bcl-2 homolog in yeast. We do not favor this
are somewhat similar to the presenilins, PS-1 and PS-2, hypothesis, mainly because no Bcl-2 homologs are iden-
which have been implicated in apoptosis and neurode- tifiable in S. cerevisiae on the basis of amino acid se-
generative disease, though no clear sequence homology quences deduced from the complete yeast genome.
is shared between BI-1 and these proteins (Wolozin et BI-1 might function downstream of Bax, based on the
al., 1996; Guo et al., 1997). apparent scarcity of BI-1 in mitochondrial membranes.

Because BI-1 was identified by its ability to suppress In this regard, our preliminary attempts to localize BI-1
Bax-induced yeast cell death, in theory, it could function indicate that it is predominantly nonmitochondrial and
upstream of, at the same level as, or downstream of instead may be mostly localized to the ER. In contrast,
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A B that BI-1 is a downstream effector of Bcl-2, which pre-
Lysate IP Lysate 1P vents Bax-induced death in yeast by substituting for

r Bcl-2.

�•-• - 'o "' Though mitochondria have received much attention
">� • 'A. >recently for their role in apoptosis, the ER has also been

- - - - + FlagM2 - - + - + FIagM2 implicated in cell death regulation. The ER performs
-- +- migG1 i- + mIgG1 several essential functions, including protein processing

B-ecl-2 - 4-Bcl-2 and translocation, vesicle transport, and maintaining

1 2 3 4 5 -B L calcium homeostasis (reviewed by Teasdale and Jack-
son, 1996). It has been shown that Bcl-2 can alter regula-

Lysate IP tion of Ca2+ in the ER, preventing loss of Ca2+ from
IW I masBax to fC 2  nteEpeetn oso a~fo

-0,,- ,o'- I this organelle following growth factor deprivation and

-' *, 4$" M , B-Bak decreasing the basal efflux of Ca2 + under normal circum-
+ - + HA12CA5 1 2 3 4 5 stances (Baffy et al., 1993; Lam et al., 1994). Depletion

+ - migG1 of intra-ER Ca2+ stores has been reported to induce
.... Bc.-2 apoptosis (Baffy et al., 1993). Moreover, release of Ca2+

into the cytosol can induce mitochondrial permeability

1 2 3 4 5 transition (PT) pore opening (Bernardi et al., 1994;
Kroemer et al., 1996), thus creating a functional connec-

Figure 7. B1-1 Interacts with Bcl-2 in Mammalian Cells tion between the ER and mitochondria. Interestingly,
(A) In vivo cross-linking. 293 cells were cotransfected with BcI-2- antisense-mediated ablation of one of the ER Ca 2+ chan-
encoding plasmid and either a control (vector) or plasmids encoding nels, namely the inositol triphosphate-gated receptor-1,
BI-1 -Flag (top panel) or BI-1-HA (bottom panel) proteins. 2 days has revealed a requirement for this Ca2+ channel in T-cell
after transfection, cells were washed in PBS and incubated with apoptosis induced by diverse stimuli, including anti-Fas
the membrane-permeable chemical cross-linker DTBP. After cross-
linking for 20 min, cells were washed in PBS and lysed in RIPA antibodies, glucocorticoids, and ionizing radiation (Jay-

buffer. Immunoprecipitations were performed using normal mouse araman and Marks, 1997). Thus, regulation of Ca 2+ traf-
IgG1 as a negative control or the anti-Flag M2 (top) or anti-HA 1 2CA5 ficking through effects on Ca2 + channels in the ER repre-
(bottom) monoclonal antibodies. Immunocomplexes were reduced sents one of several tenable hypotheses for explaining
(to reverse the cross-linking reaction) and analyzed by SDS-PAGE/ how a multiple-membrane-spanning protein such as
immunoblotting using anti-Bcl-2 antiserum. Lanes 1 and 2 represent BI-1 might directly or indirectly modulate cell death
whole cell lysates from cells transfected with Bcl-2+-BI-1 or Bcl-2+
vector, respectively (1/20 of the input for lanes 3-5). Lanes 3-5 pathways.
were loaded with immune complexes precipitated with the indicated What might BI-1 be doing in intracellular membranes?
antibodies. Based on the predicted multiple transmembrane seg-
(B) Coimmunoprecipitation. 293 cells were transiently transfected ments, BI-1 could possibly function as a receptor or an
with either Bcl-2- , Bcl-XL-, or Bax-encoding plasmids together with ion-channel protein. Similar to ion-channels, some of
either vector control plasmid or BI-1 -Flag-encoding plasmid DNA. the putative transmembrane segments of BI-1 when ex-
2 days later, cells were lysed in 1% NP-40 buffer and immunoprecipi-
tations were performed using either anti-Flag antibody M2 or IgG amined on c-helical wheel plots predict the presence
control. Immune complexes (lanes 3-5) were subjected to SDS- of hydrophilic residues on one face of the ax helices
PAGE/immunoblot analysis using antisera specific for Bcl-2, Bcl- rather than uniformly hydrophobic residues like those
XL, Bax, or Bak. Whole cell lysates (lanes 1 and 2) are from cells found in the transmembrane domains of most cell sur-
transfected with Bcl-2 (top), Bcl-XL (second), Bax (third), or no plas- face growth factor receptors. If several amphipathic heli-
mid (bottom) together with either Bl-1 -Flag plasmid (lane 1) or vector ces assembled in the membrane, creating an aqueous
control (lane 2), representing 1/40 of the input for immunoprecipi-
tation. lumen ringed by the hydrophilic surfaces of these puta-

tive a helices, then BI-1 could potentially form an ion
channel in membranes. Alternatively, the apparent phys-

Bax has been reported to associate primarily with mito- ical association of BI-1 and Bcl-2 raises the intriguing
chondria in yeast and mammalian cells (Zha et al., 1996). possibility that BI-1 and Bcl-2 could create heteromeric
Thus, to the extent that these two proteins reside in channels, with Bcl-2 presumably contributing its 5th and
different organellar compartments, these observations 6th amphipathic a-helical domains, which have been
support the notion of BI-1 operating downstream of Bax. shown to be required for in vitro pore formation (Schen-
However, others have shown that when Bcl-2 is targeted del et al., 1997), and BI-1 providing some of its amphi-
exclusively to the ER through substitution of the C termi- pathic transmembrane a-helical segments. Precedent
nus of cytochrome b5, it retains the ability to block for this idea exists among some types of K+ channels
apoptosis induced by some stimuli (Zhu et al., 1996). in which the functional channel is comprised of a hetero-
Moreover, the adenovirus Bcl-2 homolog El B 19K can tetramer, with each subunit contributing transmem-
antagonize Bax-induced apoptosis but apparently is not brane a helices that surround a central ion pore (Catter-
associated with mitochondria (White and Cipriani, 1989; all, 1995). Alternatively, the interaction of Bcl-2 and BI-1
Han et al., 1996). This implies that Bcl-2 and El B 19K could provide a mechanism by which BI-1 regulates the
need not necessarily be associated with mitochondria previously described Bcl-2 channel, or conversely, by
where Bax mostly resides, raising the possibility that which Bcl-2 regulates a hypothetical BI-1 channel, anal-
Bcl-2 and Bax control parallel pathways that indepen- ogous to some voltage-gated Na+ and Ca 2 + ion channels
dently provide signals for cell survival and death, re- in which a single protein forms the actual channel but
spectively. If true, then an alternative interpretation is this channel is highly regulated by associated integral
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membrane proteins (Catterall, 1995). Also, by function- tag downstream of the Xhol site, producing plasmid pQX9645. Next,

ing as an ion channel, conceivably BI-1 might alter ion the N-terminal portion of Bl-1 was re-ligated into pQX9645, giving

gt membranes rise to pcDNA3-BI-1-HA. An EcoRI-Xhol fragment containing Bl-1
cDNA from pcDNA3-BI-1-HA was subcloned into pcDNA3 con-

where Bcl-2 family proteins reside, thus either inhibiting taining a single copy of the FLAG epitope downstream of the Xhol

or enhancing their ability to integrate into membranes site and into the GFP vector pEGFP-N2 (Clontech Inc.) between the

and form ion channels (review by Reed, 1997a). It should EcoRI and Sail sites. The 2.6 kbp Bl-1 cDNA was subcloned in

be noted however that Bcl-2 has been reported to bind reverse (antisense) orientation between the Xhol and EcoRI sites of

multiple proteins (Reed, 1 997a) and thus may be promis- pcI-Neo (Invitrogen, Inc.), producing pcI-Neo-BI-1-AS.

cuous in its interactions with other proteins, including Cell Culture and Transfections

13I-11. Thus, while the significance of the interaction of 293, 293T, GM701, and Cos7 cells were maintained in Dulbecco's
BI-1 with Bcl-2 remains to be determined, the data pre- modified Eagle's medium (DMEM) supplemented with 10% FES

sented here nevertheless establish that BI-1 is a novel (fetal bovine serum), 1 mM L-glutamine, 100 U/ml penicillin, and 100

suppressor of cell death. pLg/ml streptomycin sulfate and transfected as described (Zha et

The yeast-based functional cloning strategy em- al., 1996). For cell death assays, 293 cells were seeded at 8 x
101 cells per 60 mm dish and 1 day later transfected with various
combinations of plasmids (9 [Lg total DNA). Precipitates were re-

tifying proteins that regulate mammalian cell death. moved after 8 hr and replaced with fresh medium. Both floating and

Though BI-1 can interact with Bcl-2 (or with a complex of adherent cells (after trypsinization) were collected at 24 hr post-
proteins that includes Bcl-2), it is unlikely that interaction transfection and analyzed by trypan blue dye exclusion assay,
cloning methods based on either yeast two-hybrid or counting a minimum of 300 cells and performing experiments in

X-phage expression library screening using ligand-blot- triplicate (mean value -_ SD). The transfection efficiency was esti-
mated to be Ž- 70% based on cotransfections with a P-gal reporter

ting would have detected BI-1, because of its hydropho- plasmid. DAPI staining for assessing nuclear morphology was also

bic characteristics. Protein purification attempts based performed.

on ability to interact with Bcl-2 also would have been For GM701 fibroblasts, cells were seeded into 6-well tissue culture
unlikely to succeed forthe same reason. Thus, functional dishes at 6 X 101 cells/well and cotransfected with 0.5 Rg of 1-gal

screening for Bax suppressors in yeast provides a pow- reporter plasmid and 4 pIg of various other expression plasmids.

erful approach that complements these other methods Precipitates were removed 6 hr later, and 18 hr posttransfection
cells were washed three times with DMEM and incubated in medium

and that seems likely to yield new insights into the bio- containing 0.1% FBS for 30 hr before fixing and staining with X-gal

chemistry and genetics of mammalian cell death regula- (Zha et al., 1996).

tion. Future studies, including targeted gene knockout FL5.12 cells were maintained in RPMI-1640 medium supple-

experiments in mice, will better define the overall role mented with 10% FBS, 10% WEHI-3B conditioned medium, L-gluta-

played by BI-1 in the Bcl-2/Bax pathway for cell death mine, and antibiotics. Plasmid DNAs (20 ipg) were introduced into
FL5.12 cells by electroporation (GenePulser; Biorad) using 650 V/cm

regulation. and 1025 AF, followed by selection in medium containing puromycin
(0.5 Rg/ml). Clones expressing BI-1-GFP fusion protein were

Experimental Procedures screened initially by fluorescence microscopy, followed by FACS
and immunoblot analysis. IL-3 withdrawal and cell viability determi-

Yeast Methods nations were performed as described (Wang et al., 1995). For drug-

Yeast strains used included: BF264-15Dau (MATa adel his2 leu2-3, resistance assays, either etoposide (5 pg/ml) or staurosporine (0.5

112 trpl-la ura3) (Lew et al., 1991) and EGY48 (MATa trpl ura3 1,M)wasaddedtocellsatadensityofX5 x 10cells/mland incubated

his3 leu2::plexAop 6-LEU2. Strain QX95001 is BF264-15Dau con- for up to 3 days before determining the percentage cell viability

taining the LEU2-marked mBax-encoding plasmid YEp51-Bax. based on trypan blue dye exclusion.

Strains BF264-15Dau and EGY48 were maintained in the rich YPD
medium, and strain QX95001 was maintained in SD-Leu (synthetic Immunoprecipitation and Immunoblot Assays

dropout medium lacking leucine). Transformations, plasmid extrac- Cell lysates were prepared using HKME solution (10 mM HEPES

tions, and protein extracts were prepared as described (Sato et al., [pH 7.2], 142 mM KC], 5 mM MgCl2, 1 mM EGTA) containing 1%

1994; Zha et al., 1996). NP-40 and protease inhibitors (1 mM PMSF, 5 p.g/ml leupeptin, 5

For cDNA library screening, QX95001 cells were grown to mid- pg/ml aprotinin, 0.7 p•g/ml pepstatin) and cleared by incubation
with the rec-protein G-Sepharose 4B (ZYMED). Lysates were thenlog phase in the SD-Leu liquid medium and transformed with 100 w 4 n nu

pg of HepG2 cDNA library DNA by a LiOAc method. Bax-resistant diluted in HKME to a final concentration of 0.6% NP-40 and incu-
bated with anti-Flag M2 antibody (Kodak) at 4°C for 2 hr with con-transformants were directly selected on galactose-containing syn- stnroaigflowdbre-oenGbasfr1h.Im blzd

thetic dropout medium lacking leucine and uracil (SD-leu+ura). An stant rotating, followed by rec-protein G beads for 1 hr. Immobilized

aliquot of transformation mixture was also spread on glucose- immunocomplexes were washed four times in HKME containing
0.2% NP-40 before boiling in SDS sample buffer. Cell lysates orcontaining medium to determine transformation efficiency. Bax- imnpeiiae eersle ySSPG n rnfreresistant colonies were patched onto galactose-containing SD- immunoprecipitates were resolved by SDS-PAGE and transferred

leus+iura plates. Con-loss assays were performed as described onto nitrocellulose membranes (Biorad). After blocking with 5% non-
(Ausubel et al., 1991). fat milk, 2% bovine serum albumin (BSA) in TBST (10 mM Tris [pH

7.5]; 142 mM NaCI; 0.1% Tween 20) at the room temperature for 2
hr, blots were incubated in the same solution with various primary

Plasmid Constructions antibodies, including monoclonal antibodies specific for HA (12 CA5
pcDNA3-hBax and pRc/CMV-Bcl-2 contain human Bax and human [0.8 pig/ml]) or Flag (M2 [3 p.g/mI]) and polyclonal antisera specific
BcI-2 cDNAs in the expression plasmids pcDNA3 and pRc/CMV, for Bcl-2 (0.1% [v/v]), BcI-XL (0.1 %), Bax (0.1%), CPP32 (0.1 %), PARP
respectively. The C-terminal HA-tagged BI-1 plasmid was con- (0.1 %), or Fi-p-ATPase (0.1 %), followed by 0.6 p.g/mI horseradish
structed in two steps. The C terminus of BI-1 (from the internal peroxidase-conjugated anti-mouse or anti-rabbit IgG (Biorad) sec-
BamHI site) was first PCR-amplified to add a Xhol site to the very ondary antibodies. Bound antibodies were visualized using an en-
C terminus of the BI-1 ORF Oust before the stop coden). PCR primers hanced chemiluminescence (ECL) detection system (Amersham).
used were 5'-GGGGATCCATTTGGCCITVCCAG and 5'-GGCTCGA
GTTTTCTTCTCTTTCTTCTTATCC. The resulting PCR product was In Vivo Cross-Linking
digested with BamHI and Xhol and subcloned into pcDNA3 con- Transfected 293 cells were washed twice with PBS and then incu-
taining an oligonucleotide encoding three in-frame copies of the HA bated for 20 min at room temperature in PBS with 1 mM DT3P
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(dimethyl-3,3'-dithiobispropionimidate [2HCI]) (Pierce, Inc.) with X-linked lAP is a direct inhibitor of cell death proteases. Nature 388,
gentle shaking. After extensive washing in PBS, cells were lysed in 300-303.
RIPA (10 mM Tris [pH 7.4], 150 mM NaCl, 5 mM EDTA, 1% Triton Dingwall, C., and Laskey, R.A. (1991). Nuclear targeting se-
X-1 00, 1% deoxycholate, 0.1% SDS) containing protease inhibitors, quences-a consensus? Trends Biochem. Sci. 16, 478-481.

and immunoprecipitations were performed using anti-HA (12CA5) Donovan, J.J., Simon, M.I., Draper, R.K., and Montal, M. (1981).
or anti-Flag (M2) monoclonals. Immune complexes were immobi- Diphtheria toxin forms transmembrane channels in planar lipid bi-
lized on protein G beads and washed four times with RIPA, followed layers. Proc. Nati. Acad. Sci. USA 78,172-176.

by boiling in SDS sample buffer (containing 5% 3-mecaptoethanol).
Samples were analyzed by SDS-PAGE/immunoblotting using rabbit Gonzalez-Garcia, M., P6rez-Ballestero, R., Ding, L., Duan, L., Boise,

antisera specific for Bcl-2 or Bax. L., Thompson, C., and Nufiez, G. (1994). bcl-XL is the major bcl-X
mRNA form expressed during murine development and its product
localizes to mitochondria. Development 120, 3033-3042.

Immunofluorescence and Confocal Microscopy Greenhalf, W., Stephan, C., and Chaudhuri, B. (1996). Role of mito-

Cells transiently transfected with pcDNA3-BI-1 -Flag were trypsin- chondria and C-terminal membrane anchor of Bcl-2 in Bax induced

ized and seeded into chamber slides. The next day, cells were growth arrest and mortality in Saccharomyces cerevisiae. FEBS
washed in PBS and fixed in PBS containing 3.7% paraformaldehyde, Lett. 380, 169-175.

followed by washing twice in PBS. Cells were then permeabilized Guo, Q., Sopher, B.L., Furukawa, K., Pham, D.G., Robinson, N.,
in 0.1% Triton X-1 00/PBS for 20 min and preblocked in PBS con- Go . ohr .. uuaa . hm .. oisn .
tinn 0.1% Triton X-1 FBS, for20.1%igoand serum. AntinFa PBbon- M Martin, G.M., and Mattson, M.P. (1997). Alzheimer's presenilin muta-
taining 3% BSA, 2% FBS, 0.1% goat serum. Anti-Flag antibody M2 tion sensitizes neural cells to apoptosis induced by trophic factor
(3 i±g/ml) was added to cells in the same solution and incubated

for 1 hr, followed by washing three times in PBS/0.1% Triton X-100 wihrawal an smyloid beta-e i m f u
and incubation with 2 ILg/ml FITC-conjugated secondary anti-mouse oxyradicals. J. Neurosci. 17, 4212-4222.
antibody (Dako) for 1 hr. After washing three times in PBS, slides Han, J., Sabbatini, P., Perez, D., Rao, L., Modha, D., and White, E.

were covered in Vectashield mounting medium (Vector Laboratories, (1996). The ElB 19K protein blocks apoptosis by interacting with

Inc.) and sealed with nail polish. For two-color analysis, GFP-Bf- and inhibiting the p53-inducible and death-promoting Bax protein.

1 -transfected cells were incubated with 20 nM Mitotracker (Molecu- Genes Dev. 10, 461-477.

lar Probes, Inc.) in normal growth medium for 20 min at 37°C. Con- Hengartner, M.O., and Horvitz, H.R. (1994). C. elegans cell survival

focal fluorescence microscopy was performed using an Axiophot gene ced-9 encodes a functional homolog of the mammlian proto-

photomicroscope (Zeiss, Inc., Oberkochen, Germany). oncogene bcl-2. Cell 76, 665-676.
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Acknowledgments ning protein segments. Biol. Chem. Hoppe Seyler 274, 166.

Hsu, Y.-T., Wolter, K.G., and Youle, R.J. (1997). Cytosol-to-mem-

We thank H. Zha, C. Aime-Sempe, R. Takahashi, S. I. Reed, R. brane redistibution of members of Bax and Bcl-XL during apoptosis.

Brent, and E. Golemis for reagents; members of our lab for helpful Proc. Natl. Acad. Sci. USA 94, 3668-3672.

discussions; H. Gallant for manuscript preparation; and the U. S. Ink, B., Zornig, M., Baum, B., Hajibagheri, N., James, C., Chittenden,

Army Medical and Materiel Command for generous support T., and Evan, G. (1997). Human bak induces cell death in Schizosac-

(RP951168; TR950134). charomyces pombe with morphological changes similiar to those
with apoptosis in mammalian cells. Mol. Cell. Biol. 17, 2468-2474.

Received August 11, 1997; revised December 15, 1997. Jayaraman, T., and Marks, A.R. (1997). T cells deficient in inositol
1,4,5-trisphosphate receptor are resistant to apoptosis. Mol. Cell.
Biol. 17, 3005-3012.

References JOrgensmeier, J.M., Krajewski, S., Armstrong, R., Wilson, G.M., Olt-
ersdorf, T., Fritz, L.C., Reed, J.C., and Ottilie, S. (1997). Bax- and

Alnemri, E.S., Robertson, N.M., Fernandes, T.F., Croce, C.M., and Bak-induced cell death in the fission yeast Schizosaccharomyces
Litwack, G. (1992). Overexpressed full-length human bcl-2 extends pombe. Mol. Biol. Cell 8, 325-329.

the survival of baculovirus-infected Sf9 insect cells. Proc. Nati. Acad.
Sci. USA 89, 7295-7299. Kane, D.J., Sarafin, T.A., Auton, S., Hahn, H., Gralla, F.B., Valentine,

J.C., Ord, T., and Bredesen, D.E. (1993). Bcl-2 inhibition of neural
Altschul, S.F., Gish, W., Miller, W., Myers, E.W., and Lipman, D.J. cell death: decreased generation of reactive oxygen species. Sci-

(1990). Basic local alignment search tool. J. Mol. Biol. 215, 403-410. ence 262, 1274-1276.

Antonsson, B., Conti, F., Ciavatta, A., Montessuit, S., Lewis, S., Kozak, M. (1997). Recognition of AUG and alternative initiator co-

Martinou, I., Bernasconi, L., Bernard, A., Mermod, J.-J., Mazzei, G., dons is augmented by G in position +4 but is not generally affected

et al. (1997). Inhibition of Bax channel-forming activity by Bcl-2. by the nucleotides in positions +5 and +6. EMBO J. 16, 2482-2492.
Science 277, 370-372. Krajewski, S., Tanaka, S., Takayama, S., Schibler, M.J., Fenton, W.,

Ausubel, F.M., Brent, R., Kingston, R.E., Moore, D.D., Seidman, J.G., and Reed, J.C. (1993). Investigation of the subcellular distribution
Smith, A., and Struhl, K. (1991). Current Protocols in Molecular Biol- of the bcl-2 oncoprotein: residence in the nuclear envelope, endo-

ogy. (New York: Wiley Interscience). plasmic reticulum, and outer mitochondrial membranes. Cancer

Baffy, G., Miyashita, T., Williamson, J.R., and Reed, J.C. (1993). Res. 53, 4701-4714.
Apoptosis induced by withdrawal of interleukin-3 (IL-3) from an IL- Kroemer, G. (1997). The proto-oncogene Bcl-2 and its role in regulat-
3-dependent hematopoietic cell line is associated with repartitioning ing apoptosis. Nat. Med. 3, 614-620.

of intracellular calcium and is blocked by enforced Bcl-2 oncopro- Kroemer, G., Zamzami, N., and Susin, S.A. (1996). Mitochondrial
tein production. J. Biol. Chem. 268, 6511-6519. control of apoptosis. Immunol. Today 18, 44-51.

Bernardi, P., Broekemeier, K.M., and Pfeiffer, D.R. (1994). Recent Kyte, J., and Doolittle, R.F. (1982). A simple method for displaying
progress on regulation of the mitochondrial permeability transition the hydropathic character of a protein. J. Mol. Biol. 157, 105-132.

pore; a cyclosporin-sensitive pore in the inner mitochondrial mem- Lam, M., Dubyak, G., Chen, L., Nufiez, G., Miesfeld, R.L., and Distel-
brane. J. Bioenerg. Biomembr. 26, 509-517. horst, C.W. (1994). Evidence that Bcl-2 represses apoptosis by regu-

Catterall, W.A. (1995). Structure and function of voltage-gated ion lating endoplasmic reticulum-associated Ca2+ fluxes. Proc. Nati.
channels. Annu. Rev. Biochem. 64, 493-531. Acad. Sci. USA 91, 6569-6573.

Cramer, W.A., Heymann, J.B., Schendel, S.L., Deriy, B.N., Cohen, Lew, D.J., Dulic, V., and Reed, S.I. (1991). Isolation of three novel
F. S., Elkins, P.A., and Stauffacher, C.V. (1995). Structure-function human cyclins by rescue of G1 cyclin (Cln) function in yeast. Cell
of the channel-forming colicins. Annu. Rev. Biophys. Biomol. Struct. 66, 1197-1206.

24, 611-641. Manon, S., Chaudhuri, B., and Budrin, M. (1997). Release of cyto-

Deveraux, Q., Takahashi, R., Salvesen, G.S., and Reed, J.C. (1997). chrome c and decrease of cytochrome c oxidase in Bax-expressing



Molecular Cell
346

yeast cells, and prevention of these effects by coexpression of Bcl- Zha, H., and Reed, J.C. (1997). Heterodimerization-independent
XL. FEBS Lett. 415, 29-32. functions of cell death regulatory proteins Bax and Bcl-2 in yeast

Matsuyama, S., Xu, Q., Velours, J., and Reed, J.C. (1998). Mitochon- and mammalian cells. J. Biol. Chem. 272, 31482-31488.

drial FoF,-ATPase proton pump is required for function of proapo- Zhu, W., Cowie, A., Wasfy, L., Leber, B., and Andrews, D. (1996).
ptotic protein Bax in yeast and mammalian cells. Mol. Cell 1, this Bcl-2 mutants with restricted subcellular location reveal spatially
issue, 327-336. distinct pathways for apoptosis in different cell types. EMBO J. 15,

Minn, A.J., Velez, P., Schendel, S.L., Liang, H., Muchmore, S.W., 4130-4141.
Fesik, S.W., Fill, M., and Thompson, C.B. (1997). Bcl-XL forms an ion
channel in synthetic lipid membranes. Nature 385, 353-357.

Muchmore, S.W., Sattler, M., Liang, H., Meadows, R.P., Harlan, J.E.,
Yoon, H.S., Nettesheim, D., Changs, B.S., Thompson, C.B., Wong,
S., Ng, S., and Fesik, S.W. (1996). X-ray and NMR structure of human
Bcl-XL, an inhibitor of programmed cell death. Nature 381,335-341.

Reed, J.C. (1994). Bcl-2 and the regulation of programmed cell
death. J. Cell Biol. 124, 1-6.

Reed, J.C. (1 997a). Double identity for proteins of the Bcl-2 family.
Nature 387, 773-776.

Reed, J.C. (1 997b). Cytochrome c: can't live with it-can't live with-
out it. Cell 91, 559-562.

Sato, T., Hanada, M., Bodrug, S., Irie, S., Iwama, N., Boise, L.H.,
Thompson, C.B., Golemis, E., Fong, L., Wang, H.-G., and Reed,
J.C. (1994). Interactions among members of the bcl-2 protein family
analyzed with a yeast two-hybrid system. Proc. Nati. Acad. Sci. USA
91, 9238-9242.

Schendel, S.L., Xie, Z., Montal, M.O., Matsuyama, S., Montal, M.,
and Reed, J.C. (1997). Channel formation by antiapoptotic protein
Bcl-2. Proc. Natl. Acad. Sci. USA 94, 5113-5118.

Schlesinger, P., Gross, A., Yin, X.-M., Yamamoto, K., Saito, M.,
Waksman, G., and Korsmeyer, S. (1997). Comparison of the ion
channel characteristics of proapoptotic BAX and antiapoptotic
BCL-2. Proc. Nati. Acad. Sci. USA 94,11357-11362.

Simonian, P.L., Grillot, D.A.M., Merino, R., and Nunez, G. (1996).
Bax can antagonize Bcl-XL during etoposide and cisplatin-induced
cell death independently of its heterodimerization with Bcl-XL. J.
Biol. Chem. 271, 22764-22772.

Tao, W., Kurschner, C., and Morgan, J.l. (1997). Modulation of cell
death in yeast by the Bcl-2 family of proteins. J. Biol. Chem. 272,
15547-15552.

Teasdale, R.D., and Jackson, M.R. (1996). Signal-mediated sorting
of membrane proteins between the endoplasmic reticulum and the
golgi apparatus. Annu. Rev. Cell Dev. Biol. 12, 27-54.

Vaux, D.L., and Strasser, A. (1996). The molecular biology of
apoptosis. Proc. NatI. Acad. Sci. USA 93, 2239-2244.
Vaux, D.L., Weissman, I.L., and Kim, S.K. (1992). Prevention of pro-
grammed cell death in Caenorhabditis elegans by human bcl-2.
Science 258, 1955-1957.

Walter, L., Dirks, B., Rothermel, E., Heyens, M., Szpirer, C., Levan,
G., and Gunther, E. (1994). A novel, conserved gene of the rat that is
developmentally regulated in the testis. Mamm. Genome 5, 216-221.

Walter, L., Marynen, P., Szpirer, J., Levan, G., and Gunther, E. (1995).
Identification of a novel conserved human gene, TEGT. Genomics
28, 301-304.

Wang, H.-G., Millan, J.A., Cox, A.D., Der, C.J., Rapp, U.R., Beck, T.,
Zha, H., and Reed, J.C. (1995). R-ras promotes apoptosis caused
by growth factor deprivation via a Bcl-2 suppressible mechanism.
J. Cell Biol. 129,1103-1114.

Wang, H.G., Rapp, U.R., and Reed, J.C. (1996). Bcl-2 targets the
protein kinase Raf-1 to mitochondria. Cell 87, 629-638.

White, E., and Cipriani, R. (1989). Specific disruption of intermediate
filaments and the nuclear lamina by the 1 9-kDa product of the ade-
novirus El B oncogene. Proc. Nati. Acad. Sci. USA 86, 9886-9890.

Wolozin, B., Iwasaki, K., Vito, P., Ganjei, J.K., Lacana, E., Sunder-
land, T., Zhao, B., Kusiak, J.W., Wasco, W., and D'Adamio, L. (1996).
Participation of presenilin 2 in apoptosis: enhanced basal activity
conferred by an Alzheimer mutation. Science 274,1710-1713.

Yang, E., and Korsmeyer, S.J. (1996). Molecular thanatopsis: a dis-
course on the Bcl2 family and cell death. Blood 88, 386-401.

Zha, H., Fisk, H.A., Yaffe, M.P., Mahajan, N., Herman, B., and Reed,
J.C. (1996). Structure-function comparisons of the proapoptotic pro-
tein Bax in yeast and mammalian cells. Mol. Cell. Biol. 16,6494-6508.



Molecular Cell, Vol. 1, 327-336, February, 1998, Copyright ©1998 by Cell Press

The Mitochondrial FoF 1-ATPase Proton Pump
Is Required for Function of the Proapoptotic
Protein Bax in Yeast and Mammalian Cells

Shigemi Matsuyama,* Qunli Xu,* and Bcl-XL as well as the proapoptotic protein Bax can
Jean Velours,t and John C. Reed** form ion channels in synthetic membranes in vitro in a
*The Burnham Institute pH-dependent manner (Antonsson et al., 1997; Minn et

Program on Apoptosis and Cell Death Research al., 1997; Schendel et al., 1997; Schlesinger et al., 1997).
La Jolla, California 92037 However, Bcl-2 and Bcl-XL also clearly have apoptosis-
t Institut de Biochimie et Genetique Cellulaires regulatory functions apart from their ability to form chan-
Centre National de la Recherche Scientifique nels, in that they bind to several other proteins that can
Universit6 de Bordeaux II modulate responses to apoptotic stimuli (Reed, 1997).
F-33077 Bordeaux Cedex Bcl-2 has been shown to protect mitochondria from
France loss of membrane potential and release of caspase-

activating proteins such as cytochrome c and apoptosis-
inducing factor (AIF) (Susin et al., 1996; Zamzami et al.,

Summary 1996; Kluck et al., 1997; Yang et al., 1997), whereas Bax
can induce loss of mitochondrial membrane potential

The proapoptotic mammalian protein Bax associates and activation of caspases (Xiang et al., 1996; Jargens-
with mitochondrial membranes and confers a lethal meier et al., 1997). It remains unclear whether these
phenotype when expressed in yeast. By generating effects of Bcl-2 and Bax on mitochondrial physiology
Bax-resistant mutant yeast and using classical corn- are a direct result of their intrinsic activities as channel
plementation cloning methods, subunits of the mito- proteins, which conceivably may transport either ions

chondrial FoFI-ATPase proton pump were determined or proteins, as opposed to an indirect consequence of
to be critical for Bax-mediated killing in S. cerevisiae. their effects on other channel proteins associated with

A pharmacological inhibitor of the proton pump, oligo- mitochondrial membranes.
mycin, also partially abrogated the cytotoxic actions When expressed in either the budding yeast Saccha-

of Bax in yeast. In mammalian cells, oligomycin also romyces cerevisiae or the fission yeast Schizosaccharo-

inhibited Bax-induced apoptosis and activation of cell mycespombe, the proapoptotic mammalian protein Bax

death proteases. The findings imply that an intact FoF1- confers a lethal phenotype (Sato et al., 1994; Ink et al.,

ATPase in the inner membrane of mitochondria is nec- 1997; Jargensmeier et al., 1997). Yeast cells undergoing

essary for optimal function of Bax in both yeast and Bax-induced death exhibit ultrastructural changes that

mammalian cells. include massive cytosolic vacuolarization and apparent
disruption of mitochondria (Ink et al., 1997; JOrgens-

Introduction meier et al., 1997), similar to mammalian cells that ex-
press Bax in the presence of caspase inhibitors (Xiang

Altered function of mitochondria has been recognized et al., 1996). In yeast, the Bax protein is associated

for many years as an important contributor to ischemic primarily with mitochondria, and the targeting of Bax tofor anyyeas a animpotan cotriuto tothese organelles appears to be important for its lethal
and necrotic cell death (Bernardi et al., 1994). Recently, phene ineyes (Zha t ae imilar to mamma-
however, evidence has accumulated suggesting a criti- phenotype in yeast (Zha et al., 1996). Similar to mamma-

howeerevidncehas ccuulatd sggesinga crti- ian cell apoptosis, expression of Bax in yeast has been
cal role for these organelles in apoptosis and pro- reported tosinduexrelease of cytochrye c fomt

grammed cell death (Petit et al., 1996; Hirsch et al., reported to induce release of cytochrome c from mito-

1997). chondria into the cytosol (Manon et al., 1997). Yeast cell

Proteins of the Bcl-2 family are important regulators death induced by Bax or the closely related Bak protein
can be specifically suppressed by antiapoptotic Bcl-2of mammalian cell life and death, with some functioning family proteins (Sato et al., 1994; Bodrug et al., 1995;

to prevent and others to promote apoptosis (Reed, 1994; Hanada et al., 1995; Greenhalf et al., 1996; Zha et al.,

Yang and Korsmeyer, 1996). These proteins can also

modulate cell death processes that result in necrotic 1996; Ink et al., 1997; Jargensmeier et al., 1997). Further

rather than apoptotic cell death, under some circum- evidence of similarities in at least some of the mecha-

stances (Kane et al., 1995; Shimizu et al., 1996). Most nisms by which Bax functions in animal cells and yeast
comes from the observation that cell death induced by

Bcl-2 family proteins are integral membrane proteins Bax can be suppressed in both mammalian cells and
that reside in the outer mitochondrial membrane, as well S. cerevisiae by BI-1, a human protein that contains
as some other intracellular membranes (Krajewski et al., multiple membrane-spanning domains (Xu and Reed,
1993; Gonztlez-Garcia et al., 1994). 1998 [this issue of Molecular Cell]).

At present, the biochemical mechanism by which The functions of Bcl-2 family proteins are often con-
Bcl-2 and its homologs regulate cell death remains con- served across evolution, with the human Bcl-2 protein,
troversial (Reed, 1997). The three-dimensional structure for example, exhibiting potent antiapoptotic activity
of one of the Bcl-2 family proteins suggests similarity even in nematodes and insect cells (Alnemri et al., 1992;
to the pore-forming domains of certain bacterial toxins, Vaux et al., 1992; Hengartner and Horvitz, 1994). More-
such as diphtheria toxin and the colicins (Muchmore et over, the human Bcl-2 protein has been reported to
al., 1996). Moreover, the antiapoptotic proteins Bcl-2 protect superoxide dismutase (sod)-deficient strains of

budding yeast from cell death induced by oxidative
:To whom correspondence should be addressed, stress (Kane et al., 1993), implying an evolutionarily
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conserved function perhaps even in some unicellular A
organisms. Though programmed cell death (PCD) is -" Bv1
conventionally thought to operate only in multicellular cBax
organisms, recent studies have revealed apoptosis-like
cell death in several unicellular eukaryotes, including v O ,'
Dictyostelium discoideum (Cornillon et al., 1994), Try-
panosome brucei rhodesiense (Welburn et al., 1996), C Bax
Trypanosome cruzi (Ameisen et al., 1996), Leishmania
amazonensis (Moreira et al., 1996), and Tetrahymena B.k
thermophila (Christensen et al., 1995). It has also been +l-
suggested that certain forms of PCD may even exist in c33
prokaryotes (Ameisen, 1996), where cell suicide mecha- Bax
nisms could potentially limit spread of viruses, reduce +
competition for nutrients during times of starvation, or r Bax

ensure that cells with damaged DNA do not pass their BFUV11 Diploid
defective genomes on to future generations. Reasoning
that at least some of the functions of Bcl-2 family pro-
teins appear to be conserved in yeast, we undertook a
classical genetics approach designed to identify yeast
genes that are required for Bax-mediated lethality in S. B
cerevisiae.

LexA-Bax - 48 kDa

Results LexA i- 33
17-28

Creation of a Mutant Yeast Strain that Displays 1 2 3 4
Resistance to Bax-Induced Cell Death
Yeast strain EGY48 was mutagenized with N-methyl-N'- Figure 1. Generation of a Bax-Resistant Yeast Mutant and Identifi-

cation of Genomic Clones that Restore Bax Sensitivity
(A) Wild-type EGY48 yeast (WT), Bax-resistant-mutant (BRM1), and

with YEp51-Bax, a LEU2-marked, high-copy episomal diploid cells derived from mating Myy290 (wild-type) x BRM1 were
plasmid that produces the mouse Bax protein under the transformed with control plasmid pGilda (C) or galactose-inducible
control of the galactose-inducible GAL 10 promoter (Zha pGilda-Bax (Bax). BRM1 was also cotransformed with pGilda-Bax
et al., 1996). Transformants were plated on leucine-defi- and clone 33 from yeast genomic library or control vector YCp50.
cient semisolid medium containing galactose, resulting Each transformant was first grown on glucose-based plate and then

in -50 viable colonies. To exclude clones that might a colony was restreaked on galactose-containing plates and incu-
bated at 30'C for 4 days.have survived because of defects in transactivation of baeat3Cfo4dys(B) Immunoblot analysis is shown for lysates (10 iLg) derived from

the GAL 10 promoter in YEp51 -Bax, these transformants WT yeast (lanes 1 and 3) and BRM1 (lanes 2 and 4) cells transformed
were cured of the YEp51 -Bax plasmid and then retrans- with pGilda (produces LexA protein DNA-binding domain without a
formed with the plasmid pEG202-Bax in which Bax is nuclear localization sequence) (lanes 1 and 2) or pGilda-Bax (pro-
produced from a strong constitutive ADH1 promoter. duces LexA-Bax fusion protein) (lanes 3 and 4). Antigens were de-

The resulting 24 Bax-resistant clones were mated with tected using anti-LexA rabbit antiserum.

wild-type Myy290 strain cells, yielding 9 diploids in
which sensitivity to Bax-mediated killing was restored,
thus suggesting a recessive mutation. Tetrad analysis Eight transformants were identified by replica plating
was then performed for these recessive mutants, with that appeared to have a restoration of their sensitivity
only one (hereafter designated as Bax-resistant mutant-1 to Bax-mediated cell death. The plasmids recovered
[BRM1]) exhibiting 2:2 Mendelian segregation of the from these eight transformants were then retransformed
Bax-resistance phenotype in a manner consistent with with pGilda-Bax into BRM1 cells, with only one of these
a single gene defect (Figure 1A). clearly restoring sensitivity to Bax-mediated lethality to

The genomic mutation in BRM1 cells did not interfere wild-type levels (Figure 1A). DNA sequence analysis re-
with Bax protein production, as determined by immu- vealed that this clone contained three genes, including
noblotting (Figure 1 B). For these experiments, the wild- ATP4, which encodes subunit 4 of the yeast FoFj-
type and BRM1 cells were transformed with pGilda-Bax, ATPase, a proton pump located in the inner membrane
which produces Bax as a fusion protein with a portion of mitochondria (Weber and Senior, 1997).
of LexA (used analogous to an epitope tag here), or the
pGilda plasmid, which produces onlythe LexA fragment. ATP4 Is Required for Bax-Induced
The addition of the LexA tag to Bax does not interfere Lethality in Yeast
with its intracellular targeting or cell death-inducing Since it has been previously suspected that Bax pro-
function in yeast (Zha et al., 1996). motes cell death at least in part through effects on mito-

chondria (Xiang et al., 1996; Zha et al., 1996), we focused
Complementation Cloning of Yeast Genes on ATP4 as a likely candidate gene that is required for
that Restore Sensitivity to Bax Bax-induced killing of yeast. The ATP4 gene has been
The BRM1 cells containing pGilda-Bax were trans- previously disrupted in S. cerevisiae by URA3 insertional
formed with a centromere-based yeast genomic library. mutagenesis (Velours et al., 1989; Paul et al., 1992), thus
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oC 10-day to induce expression of Bax, and then plated on
A 810 glucose-based semisolid medium, which suppresses60- - .(Cthe GALl promoter in pGilda. The plating efficiency of

' 40- WATP4-deficient PVY10 cells was essentially the same,2• 0 o ATP4(-)(C) regardless of whether they contained the pGilda-Bax or
SATP4(-)(Bax) pGilda plasmids (Figure 2B). In contrast, colony forma-

0 6 12 18 24 tion by the isogenic wild-type strain was markedly re-
Time (h) duced in cells harboring the pGilda-Bax plasmid com-

pared to the control pGilda vector. Clonigenic survival
of the wild-type cells began to decline after as little as
6 hr of exposure to galactose, with essentially all cells

B failing to form viable colonies after a 12 hr exposure.
oA00 -oThe differences in the kinetics of loss of clonigenic sur-"" ---- WT(Bax) vival and development of trypan blue positivity (compare

) - -1-- ATP4(-)(C) Figures 2A and 2B) have been observed previously in"1ATP4(-Bax)E i ATP4>-/(Bax) Bax-expressing yeast (Zha et al., 1996; JargensmeierSATP.1-/+)(,= = et al., 1997), and likely reflect a commitment to cell

0 6 12 18 24 death even before loss of plasma membrane integrity.
Time (h) Mating the PVY1 0 cells with wild-type haploids to create

ATP4+1- heterozygous diploids restored sensitivity to
Bax. Immunoblot analysis demonstrated that the ATP4

mutation did not prevent production of Bax protein (Fig-C .' ure 2B). We conclude therefore that ATP4, which is a
4 ' •nuclear gene that encodes subunit 4 of the yeast mito-

LexA-Bax -a - -48 kDa chondrial FoF 1-ATPase proton pump, is required for Bax-I- -33 mediated killing of yeast.
LexA .1 -- -I 3

7-28
1 2 3 4 5 The Proton-Pump Inhibitor Oligomycin Inhibits

Bax-Induced Killing of Yeast
Figure 2. Yeast with Disrupted ATP4 Gene Are Resistant to Bax- Oligomycin binds to the F0 portion of the yeast and
Induced Cell Death mammalian FoF,-ATPases and prevents the proton pump
Wild-type D273-10B/A yeast, ATP4 knockout yeast strain PVY10 from transporting H+ ions, thus effectively shutting it off
(ATP4-), and heterozygous diploids derived from mating of PVY10 (Tzagoloff, 1970). We reasoned that if the proton pump is
with Myy290 (ATP4-1+) were transformed with pGilda (C) or pGilda- required for Bax-mediated lethality in yeast, oligomycin
Bax. The cells were grown in glucose-based medium and then recul-
tured in galactose-based medium to induce protein expression from
the GALl promoter in pGilda plasmids. this hypothesis, D273-1OB/A strain yeast that had been
(A) The percentage of trypan blue dye excluding cells was deter- transformed with either pGilda-Bax or pGilda control
mined at various times after switching to galactose-based media plasmids were cultured for various times in galactose-
(mean ± SE; n = 3; SE bars are obscured by symbols). containing medium with orwithout oligomycin. Oligomy-
(B) Clonigenic survival was determined by recovering cells at various cin did not inhibit the growth of yeast under these condi-
times from galactose-containing medium and plating 1000 cells on tions due to their ability to produce sufficient ATP from
glucose-based semisolid medium. Data are representative of at
least three experiments, anaerobic fermentation (not shown). Oligomycin is non-
(C) Immunoblot analysis was performed to assess LexA and LexA- toxic in yeast and it fails to induce permeability transition
Bax protein levels in cells after 12 hr of culture in galactose-based pore (PTP) opening in yeast mitochondria (Jung et al.,
media, as described for Figure 1. 1997). As shown in Figure 3, oligomycin partially inhib-

ited the Bax-induced killing of yeast, without interfering

creating the ATP4-deficient strain PVY1 0. We therefore with production of the LexA-Bax protein. Thus, similar

tested PVY1 0 cells for resistance to Bax. For these ex- to disruption of the ATP4 gene, a pharmacological inhib-

periments, PVY10 cells were transformed with pGilda- itor of the F0Fj-ATPase proton pump suppresses Bax-
Bax or pGilda control plasmid and grown for various mediated lethality in yeast.

times in galactose-containing medium to induce expres-
sion of Bax, and cell viability was monitored by trypan Respiration Is Not Required for
blue dye exclusion. ATP4-deficient PVY10 cells were Bax-Induced Killing of Yeast
not killed after switching from glucose- to galactose- It was possible that the genetic disruption or pharmaco-
containing medium (Figure 2A). In contrast, cells of the logical inhibition of the FoFj-ATPase proton pump indi-
isogenic wild-type strain (D273-10B/A) that had been rectly suppressed Bax-mediated lethality in yeast by
transformed with pGilda-Bax began to die within 12 hr blocking respiration (Velours et al., 1989; Paul et al.,
after switching to galactose. 1992; Giraud and Velours, 1994). To address this ques-

To further verify that ATP4-deficient PVY10 cells are tion and to further explore the importance of the FoFj-
resistant to Bax-mediated lethality, a clonigenic survival ATPase, we compared the effects of Bax expression on
assay was performed in which cells were switched from the viability and clonigenic survival of rho- yeast as well
glucose- to galactose-containing liquid medium for 1 as on an additional mutant strain of yeast in which the
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28 Figure 4. ATP8-Deficient but Not rho- petite Yeast Are Bax-

Resistant

Figure 3. F 0F,-ATPase Proton-Pump Inhibitor, Oligomycin, Attenu- Strain CGY1 yeast that harbor a URA3-disrupted ATP8 gene and

ates Bax-Induced Cell Death in Yeast rho yeast (both petite) were transformed with pGilda ([C]; open
Yeast strain D273-10OB/A cells transformed with pGilda (C) or pGilda- symbols) or pGilda-Bax (closed symbols). Cell viability (A), cloni-
Bax were initially cultured in glucose-based media, then switched genic survival (B), and Bax protein levels (C) were measured as
to galactose-containing medium with (closed symbols) or without described for Figure 2 at various times after switching cells to galac-

(open symbols) 10 ipM oligomycin, and the percentage of trypan rose-containing medium (mean t SE; n = 3; some SE symbols are

blue dye excluding cells was determined at various times thereafter obscured by symbols). In (C), lanes 1/2 and lanes 3/4 represent rho-

(A) or cells were recovered and either 1000 or 3000 cells were plated and ATP8-deficient yeast transformed with pGilda and pGilda-Bax,

on glucose-containing semisolid medium (B) (mean ± SE; n = 3; respectively.

SE symbols are obscured by symbols). In (C), protein lysates (10
jig) were generated from the same cells after 12 hr of culture in
galactose-based medium and analyzed by immunoblotting using to die when switched to galactose-containing medium,
anti-LexA antiserum. Lanes 1/2 and lanes 3/4 represent cells con- whereas rho- cells containing the control pGilda vector
taining pGilda or pGilda-Bax, respectively, grown with or without did not (Figure 4A). Note however that the Bax-induced
oligomycin as indicated. cell death and loss of clonigenic survival occurred with

delayed kinetics relative to wild-type yeast (compare
8 subunit of FoF 1-ATPase had been inactivated by URA3 with Figure 2). Thus, the absence of respiration in rho-
insertional mutagenesis (Giraud and Velours, 1994). Un- cells may reduce but does not abrogate Bax-mediated
like the ATP4 mutant, both rho- and ATP-8-deficient lethality in yeast. In contrast, yeast lacking the 8 subunit

yeast are petites. Rho- yeast fail to express all proteins of the FoF,-ATPase were completely resistant to Bax,

encoded in the mitochondrial genome, and thus lack despite expressing LexA-Bax protein at levels equiva-

certain proteins that are critical for respiration. Though lent to those of the rho- cells (Figure 4). We conclude

certain subchains of the FoF 1-ATPase proton pump are therefore that respiration is not required for Bax-induced

encoded in the mitochondrial genome, its activity re- killing of yeast, but the FoF 1-ATPase proton pump is.

mains partially functional in rho- yeast (Schatz, 1968;

Giraud and Velours, 1994). In contrast, loss of the nu- Oligomycin Also Inhibits Bax-Induced Apoptosis

clear-encoded ATP-8 protein results in deficient func- and Activation of Cell Death Proteases

tion of both the F0 and F, components of the proton in Mammalian Cells

pump (Giraud and Velours, 1997). These two petite No mammalian cells exist that harbor mutations within

strains grew at comparable rates in the absence of Bax subunits of the mitochondrial FoF 1-ATPase. Thus, to ex-

(not shown). plore whether the proton pump is also required for opti-

The rho- yeast transformed with pGilda-Bax began mal function of Bax in mammalian cells, one is limited
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A 80° C Bax Figure 5. The FtFl-ATPase Inhibitor Oligomy-0.6 cin Suppresses Bax-induced Apoptosis and

.!2 60 - Caspase Activation in 293T Cells
0 =(A) 293T cells were cultured in DMEM-high

40 0.3 guoemedium tomaintain ATPsupisb
<. 2 Bax~oligo glycolysis. Four hours after transfection with
C. C 9 jIg of pcDNA-Bax (Bax) or control pcDNA

0 - C+oligo (C) plasmids with 1 [ig of pEGFP, the culture
\ .• •. (iM) 0 50 100 medium was exchanged with fresh medium

C,
0  Time (min) containing or lacking 0, 0.1,1, or 10 jIM oligo-

Oligemycin Antimycin mycin or 10 IM antimycin A. After an addi-
tional 8 hr of culture, the cells were collected.
In (A), the percentage of GFP÷ cells with
apoptotic morphology was determined by

mCICCP D C Bax DAPI-staining (mean + SD; n - 3).
1M O~igomycin .• r-q+ (B) 293T cells were recovered from cultures

S+of untransfected cells and incubated with
I. pM Antimycin

Bax -- DiOC6, followed by FACS analysis. Data rep-
10-M - ~ resent log fluorescence versus relative cell

number. As a control for specificity of DiOC6
I PM Oligomycin tu - labeling, an aliquot of the control untreated
"I pM1 2 3 4 cells was exposed to the protonophore
OAPM mCiCCP for 15 min prior to incubation with
Control DiOC6.

DiOC6 (log FL) (C) Lysates derived from cells that had been
cultured with or without 10 jiM of oligomycin

were prepared and normalized for total protein content, and caspase activity was measured based on hydrolysis of DEVD-AFC (Deveraux et
al., 1997). Typical substrate hydrolysis progress curves are shown (representative of three experiments).
(D) Aliquots of the same lysates employed for caspase assays were subjected to immunoblot analysis, employing anti-hu Bax antiserum with
ECL-based detection. The blot was subsequently reprobed with anti-tubulin antibody to verify loading of equivalent amounts of total protein.

to pharmacological studies employing oligomycin. In 293T cells with the respiratory complex III inhibitor anti-
mammalian cells, unlike in yeast, oligomycin is toxic and mycin A did not impair Bax-induced apoptosis under
leads secondarily to mitochondrial PTP opening and these conditions, but did markedly reduce mitochondrial
either apoptosis or necrosis, depending on the particular AP (Figure 5B). These findings in mammalian cells thus
cells and circumstances evaluated (Castedo et al., support the observations obtained with yeast, demon-
1996). Cell death caused by oligomycin, however, can strating again that respiration is unnecessary for Bax-
be delayed by culturing in high glucose-containing me- mediated cell death.
dium, which helps to maintain ATP levels via glycolysis Since gene transfer-mediated overexpression of Bax
(Eguchi et al., 1997; Leist et al., 1997). We therefore has been shown to induce activation of caspases that
explored the effects of oligomycin in human 293T kidney can cleave the substrate peptide DEVD (Deveraux et
epithelial cells grown in high glucose medium, using a al., 1997; JOrgensmeier et al., 1997), we measured the
transient Bax transfection assay to induce apoptosis effects of oligomycin treatment on Bax-induced activa-
and activation of cell death proteases (caspases) (Zha tion of DEVD-cleaving caspases using lysates from the
et al., 1996; Deveraux et al., 1997; Jfrgensmeier et al., transfected 293T cells. As shown in Figure 5C, 293T
1997). For all experiments, oligomycin was added 4 hr cells transfected with pcDNA3-Bax contained markedly
after transfections; caspase activity and apoptosis were elevated levels of caspase activity compared to control
then measured after an additional 8 hr of culture. Thus, transfected cells. Addition of 1-10 RiM oligomycin to the
the experiments were performed within the first 12 hr cultures substantially reduced the amount of Bax-induced
after Bax transfections, before oligomycin caused cell caspase activity (Figure 5C and data not shown).
death (>90% trypan blue dye exclusion in control cul- Under these same conditions, ATP levels were main-
tures). tained to within -95% of control levels for 293T cells

As shown in Figure 5A, oligomycin reduced the per- treated with 1 1IM oligomycin (32 -_ 3 nmol/mg protein
centage of apoptotic cells in cultures of Bax-transfected versus 34 ±- 3 nmol/mg protein) and to within -75% of
293T cells in a dose-dependent manner, with concentra- control levels for cells treated with 10 IRM oligomycin
tions of 1-10 IiM oligomycin preventing approximately (25 ± 2 nmol/mg protein). Thus, the oligomycin-medi-
half of the Bax-induced cell death. DiOC 6-based mea- ated protection against Bax-induced apoptosis cannot
surement of mitochondrial membrane potential demon- be ascribed to reduced ATP levels. Oligomycin also did
strated that these concentrations of oligomycin resulted not impair production of the expected 21 kDa Bax pro-
in hyperpolarization of mitochondria in 293T cells, con- tein in 293T cells (Figure 5D).
sistent with a block of the proton pump causing accumu- When used at high concentrations in vitro, oligomycin
lation of H+ ions in the intermembrane space of these has been reported to inhibit the plasma membrane Na-K
organelles (Figure 5B). Acute exposure of the cells to ATPase (IC50 - 5 pM) (Decottignies et al., 1995). We
the protonophore mCICCP confirmed that the DiOC 6  therefore tested the effect of the Na-K ATPase inhibitor
staining was dependent on the mitochondrial pH gradient oubain on Bax-induced apoptosis in 293T cells, but
(Figure 5B), thus verifying the specificity of this assay. found that even at 100 iVM, oubain had no influence on

In contrast to oligomycin, culturing Bax-transfected Bax function (not shown). Based on the above results,
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A 100 that neither oligomycin nor antimycin A (10 lLM) impaired
2¢ p53-induced expression of Bax when the cells were
S75I- cultured at the permissive temperature of 320C (Figure
U5 6B). Taken together, therefore, these data provide fur-

"ther evidence that Bax-dependent apoptosis requires

2 the mitochondrial FoF 1-ATPase proton pump.S25"h
0-

,. . • WpM) Discussion

CP

Oligomycin Antimycin Here we present genetic evidence that the mitochondrial
FoF 1-ATPase proton pump is required for Bax-induced
cell death in yeast. By employing oligomycin, a specific
inhibitor of the proton pump, we also found that mito-

B .o9j ~chondrial FoF 1-ATPase is apparently required for at least
optimal induction of apoptosis and activation of cas-

O'•' •'• pases by Bax in mammalian cells. Based on currently
C 0 10 10,(P4) available information, Bax and the FoF 1-ATPase proton

Bax - pump are thought to reside in different mitochondrial
membranes, with Bax associated with the outer mem-

tubulin branes oriented primarily toward the cytosol and the
FIF1-ATPase in the inner membrane (Figure 7). Presum-

1 2 3 4 ably, therefore, these proteins do not physically interact,

390C 320C though the tendency of Bcl-2 family proteins to concen-
trate at the junctional complexes of mitochondria, where

Figure 6. Oligomycin Inhibits p53-Induced Apoptosis the inner and outer membranes come into contact (Kra-
BRK cells that contain ts-p53 (Han et al., 1996) were maintained at jewski et al., 1993; de Jong et al., 1994), may create
a nonpermissive temperature of 39°C, then cultured at 32°C to in- opportunities for a direct interaction. This might be par-
duce p53 in the presence or absence of 0.1-10 iLM oligomycin or ticularly true when Bax is integrated into membranes
10 iLM antimycin A. In (A), the percentage of dead cells was deter-
mined by DAPI staining 12 hr after shifting to 32°C (mean ± SD; n = within its capacity as a channel-forming protein, which
3). In (B), Lysates were prepared from BRK cells that had been is speculated to involve the insertion of the predicted
culturedat39°C(lane1)asacontrol(C)orat32°C(lanes2-4)without 5th and 6th a helices of Bax through the lipid bilayer
or with 10 iM oligomycin or 10 iM antimycin for 12 hr, normalized (reviewed in Reed, 1997).
for total protein content (5 itg/lane), and analyzed by immunoblotting Barring a direct physical interaction, how then might
using anti-Bax antiserum with ECL-based detection. The same blot the F0F1-ATPase contribute to Bax-induced cell death?was reprobes conrwith t anxind-edubullin.h
was reprobe with anti-tubulin. At least two potential explanations can be entertained.

First, loss of the proton pump might prevent Bax from
therefore, we conclude that the FoF 1-ATPase proton integrating into the outer membrane to form a channel.
pump is either required for optimal function of Bax in In this regard, the channels formed in vitro by Bax, as
293T cells or enhances Bax's ability to induce apoptosis well as by Bcl-2 and Bcl-XL, are voltage-dependent and
in these human cells. their activities are modulated by pH (Antonsson et al.,

1997; Minn et al., 1997; Schendel et al., 1997). For exam-
Oligomycin Inhibits p53-Induced Apoptosis pie, the conductances of Bax channels in planar bilayers
The induction of apoptosis in baby rat kidney (BRK) cells are reportedly higher at neutral than at acidic pH,
by p53 has been shown to be Bax-dependent (Han et whereas Bcl-2 channels open more frequently at lower
al., 1996; Sabbatini et al., 1997). We therefore employed pH. In addition, most Bcl-2 family proteins including Bax
BRK cells that express a temperature-sensitive mutant contain a glutamic acid residue between the a5 and a6
of p53, and examined the impact of culturing these cells helices. Protonation of this residue at lower pHs there-
with various concentrations of oligomycin at either the fore could destabilize the membrane-inserted channel-
permissive temperature of 320C where p53 is active and forming conformation, allowing these two helices to
apoptosis ensues or at the nonpermissive temperature more easily slip back out of the planar bilayer. Thus,
of 37-390C where p53 is inactive. As in the prior experi- alterations of the voltage potential across the inner mito-
ments, these cells were grown in high glucose medium chondrial membrane where the FoF 1-ATPase resides or
to maintain ATP levels through glycolysis. changes of pH at the surface of the inner membrane

Oligomycin reduced the percentage of apoptotic cells theoretically could interfere with Bax channel activity,
by approximately two-thirds when ts-p53 BRK cells assuming Bax can be influenced by the local voltage
were cultured at 320C to active p53 (Figure 6A). Under potential and pH gradient, particularly at the junctional
these same conditions, ATP levels were maintained at complexes. The insertion of the a5 and (x6 helices of
-100% of control levels in BRK cells treated with 1 p.M Bax into membranes could also provide a way for
oligomycin and to within -70% of control for 10 [LM exposing the BH3 domain of Bax so that the hydropho-
oligomycin (not shown). In contrast, antimycin A had no bic face of this a helix is available for dimerization with
apparent effect on p53-induced apoptosis in BRK cells Bcl-2 family proteins (Figure 7), as revealed by recent
(Figure 6A), yet reduced ATP levels more than oligomy- structural studies (Sattler et al., 1997). BH3 domain-
cin. Immunoblot analysis of BRK cells demonstrated mediated dimerization could play an important role in
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Figure 7. Schematic of Potential RelationsCytosol Bax between Mitochondrial FoFj-ATPase Proton
-BIH31 Pump and Bax

The diagram depicts mitochondria, showingI1rMmrn the inner and outer membranes. The outer
membrane is thought to be porus because of
porin. Bax in the outer membrane is anchored
via a C-terminal transmembrane (TM) do-

Oligomycin main. During channel formation, the pre-
Fo dicted 5th and 6th a helices of Bax are specu-

lated to penetrate the lipid bilayer. The BH3
Inner Membrane domain (u2 helix) is located on the cytosolic

iitin b -side of the membrane and can mediate di-
F1 merization with Bcl-2 and related proteins.

The FoF,-ATPase proton pump resides in the
inner membrane. The 3 (equivalent to subunit

Matrix 4 in yeast) and 8 subunits are indicated. The

/ ADP •ATP 3 and 8 subunits of F0 and F1, respectively,
Ant imycin play important roles in connecting the F0 pro-

ton channel and F, ATPase portions together.
ATP ADP The transport of H+ ions by the proton pump

is reversible, and can either consume or gen-
erate ATP. Oligomycin shuts off the pump,
such that protons cannot be transported in
either direction.
The respiratory chain complexes 1, 11, and III
extrude protons into the intermembrane
space. Complex III is inhibited by antimycin
A and associated with cytochrome c.

modulating interactions of Bcl-2 and BcI-XL with CED-4 does not discount the possibility that the proton pump
or other proteins (Reed, 1997), irrespective of ion-chan- contributes to Bax-induced cell killing since Fas-induced
nel formation, at least in mammalian cells. apoptosis appears to be relatively Bax-independent (re-

A second possible explanation for why the FoFf- viewed in Vaux and Strasser, 1996) whereas apoptosis
ATPase is required for Bax-mediated lethality in yeast induced by etoposide and dexamethasone can be as-
is that the proton pump may be a downstream effector sisted by Bax (Brady et al., 1996).
of Bax. In this regard, the FoF 1-ATPase can operate in In summary, the data reported here demonstrate a
both forward and reverse directions, either transporting role for the mitochondrial FoF 1-ATPase in Bax-induced
protons into the matrix down their concentration gradi- cell death. Though other explanations are possible, we
ent and creating ATP, or pumping protons out of the suspect that the functional interaction between Bax and
matrix while consuming ATP (Figure 7). It is conceivable, the proton pump is a manifestation of Bax's ability to
therefore, that Bax channels render the outer membrane function as a channel protein in mitochondrial mem-
more porous, causing a faster dissipation of the proton branes. However, Bax can promote cell death in mam-
gradient than usual through leakage of H+ ions into the malian cells by at least two mechanisms: (a) by forming
cytosol. As a secondary consequence, the FoF 1-ATPase channels in membranes; and (b) by dimerizing with anti-
proton pump would be predicted to run in reverse, thus apoptotic Bcl-2 family proteins and thereby interfering
consuming ATP and alkalinizing the matrix by extruding with their actions independent of channel formation
protons. Since alkalinization of the matrix has been (Reed, 1997). In yeast, we hypothesize that the bioactiv-
shown to cause opening of the mitochondria permeabil- ity of Bax is entirely dependent on its ability to form
ity transition (PT) pore in both mammalian and yeast channels, since these simple unicellular organisms ap-
mitochondria (Bernardi et al., 1994; Ichas et al., 1997; pear to lack Bcl-2 and CED-4 homologs. In mammalian
Jung et al., 1997), the FoF,-ATPase could theoretically cells, however, both mechanisms are likely to be opera-
facilitate Bax-induced cell death by this mechanism. tive. It remains to be determined which of these two
In this regard, yeast mitochondria have been reported mechanisms for Bax-mediated cell death (channel for-
recently to have evidence of a PT pore that can be mation versus Bcl-2 antagonist) is quantitatively more
induced to open by matrix alkalinization (Jung et al., important in mammalian cells, but cellular context and
1997). the specific cell death stimulus involved are likely to be

In previous studies where oligomycin was used under highly important. Regardless, the data presented here
conditions designed to maintain ATP levels and prevent suggest that applications of yeast genetics may provide
necrosis, it was observed that cell death induced by novel insights into the channel-dependent mechanisms
etoposide and dexamethasone was inhibited (Eguchi et of Bax-induced cell death.
al., 1997; Leist et al., 1997). In contrast, apoptosis in-
duced by anti-Fas antibody is apparently not dependent
on the FoF,-ATPase, since Fas can still induce apoptosis Experimental Procedures
in cells exposed to oligomycin in high-glucose media. Plasmids
Though this observation clearly suggests that the FoFj- YEp51-Bax, pEG202-Bax, and pcDNA-Bax have been described
ATPase is not absolutely necessary for apoptosis, it (Zha et al., 1996). The Bax cDNA from pEG202-Bax was subcloned
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into the EcoRI and Xhol sites of pGilda (gift of C. Kaiser [MIT]). The of the recovered cells were used for immunoblot assays and the
YCp50 plasmid (ATCC37419) and yeast genomic library (ATCC37415) remainder were used for either caspase activity assays (Deveraux
were obtained from American Type Culture Collection (Rockville, et al., 1997) or for DAPI staining (Zha et al., 1996).
Maryland). BRK cells expressing ts-p53 (Subramanian et al., 1995) were main-

tained in DMEM-high glucose 10% serum medium at the nonpermis-
Yeast Methods sive temperature of 39°C and cultured at either 5 x 10' cells/0.1 ml
Yeast strains and plasmids used for these studies have been de- in 96-well flat bottom plates or at 106 cells/5 ml in 6 cm dishes for
scribed previously (Velours et al., 1989; Paul et al., 1992; Giraud and cell death assays. The medium was then changed with fresh 32°C
Velours, 1994; Zha et al., 1996). For generation of Bax-resistant medium, and cells were cultured at 32°C with or without various
mutant yeast, EGY48 strain was mutagenized with MMNG (Sigma, concentrations of oligomycin or antimycin A for 12 hr. The percent-
Inc.) using routine methods (Guthrie and Fink, 1991). Aftertreatment age of viable cells was determined by trypan blue dye exclusion,
with MMNG for 10 min, yeast cells were grown for 4 hr in YPD or cell lysates were prepared for immunoblot analysis of Bax ex-
media and then transformed by a LiOAc method with the GAL10 pression.
promoter-containing plasmid YEp51 -Bax and plated on minimal me-
dium supplemented with required amino acid (MM-A) containing Immunoblot Assays
1 % raffinose and 2% galactose. Surviving clones were picked from Whole cell lysates were normalized for total protein content, and
plates and grown in MM-A with glucose prior to transformation with immunoblot assays were performed as described previously using
the ADH1 promoter-containing plasmid pEG202-Bax (Sato et al., 0.1 % (v/v) anti-LexA rabbit serum (Zha et al., 1996) or either anti-
1994) and selection on MM-A/2% glucose plates. Resistant mutants human Bax or anti-mouse/rat Bax rabbit sera (Krajewski et al., 1994;
were mated with Myy290 strain (Mata, his3, ura3, leu2), and the Krajewski et al., 1995).
resulting diploid cells were subjected to tetrad analysis (Guthrie and
Fink, 1991). BRM1 cells displayed precisely 50% inheritance of the ATP Measurements
Bax-resistant phenotype. Cellular ATP content was measured as previously reported (Kane

et al., 1985) using firefly lantern extract (Luciferase-luciferin, Sigma)
Complementation Cloning with a luminometer. Data were normalized relative to total protein
BRM1 cells was transformed with the GALl promoter-containing content of cell lysates.
plasmid pGilda-Bax and grown in MM-A with glucose to a density
of 2-4 x 101 cells/mi. These cells were then transformed using a
LiOAc method with 2 jig of a yeast genomic library in YCp5O (ATCC) Measurements of Mitochondrial AgW

and 20 ýLg of salmon sperm DNA (transformation efficiency 1 X 104 Mitochondrial A4" was measured using DiOC6 (Molecular Probes,

to 2 X 104 per [ig DNA). Transformed cells were first plated on MM-A Inc.) as described (Castedo et al., 1996).

with glucose and then replica-plated to MM-A with galactose. From
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The effects of the expression of the human Bcl-2 family proteins Bax, Bak, Bcl-2, and
Bcl-XL were examined in the fission yeast Schizosaccharomyces pombe and compared with
Bax-induced cell death in mammalian cells. Expression of the proapoptotic proteins Bax
and Bak conferred a lethal phenotype in this yeast, which was strongly suppressed by
coexpression of the anti-apoptotic protein BcI-XL. Bcl-2 also partially abrogated Bax-
mediated cytotoxicity in S. pombe, whereas a mutant of Bcl-2 (Gly145Ala) that fails to
heterodimerize with Bax or block apoptosis in mammalian cells was inactive. However,
other features distinguished Bax- and Bak-induced death in S. pombe from animal cell
apoptosis. Electron microscopic analysis of S. pombe cells dying in response to Bax or Bak
expression demonstrated massive cytosolic vacuolization and multifocal nuclear chro-
matin condensation, thus distinguishing this form of cell death from the classical mor-
phological features of apoptosis seen in animal cells. Unlike Bax-induced apoptosis in 293
cells that led to the induction of interleukin-lf3-converting enzyme (ICE)/CED-3-like
protease activity, Bax- and Bak-induced cell death in S. pombe was accompanied neither
by internucleosomal DNA fragmentation nor by activation of proteases with specificities
similar to the ICE/CED-3 family. In addition, the baculovirus protease inhibitor p35,
which is a potent inhibitor of ICE/CED-3 family proteases and a blocker of apoptosis in
animal cells, failed to prevent cell death induction by Bax or Bak in fission yeast, whereas
p35 inhibited Bax-induced cell death in mammalian cells. Taken together, these findings
suggest that Bcl-2 family proteins may retain an evolutionarily conserved ability to
regulate cell survival and death but also indicate differences in the downstream events
that are activated by overexpression of Bax or Bak in divergent cell types.

INTRODUCTION phological events, known as apoptosis, which includeplasma membrane blebbing, cell shrinkage, chromatin
Programmed cell death (PCD) plays important roles in plasationrane nlear f r inkage, fomatin
tissue homeostasis and developmental elimination of condensation, and nuclear fragmentation, followed ul-

timately by the budding off of cellular fragments
redundant or excess cells in essentially all multicellu- which are cleared by phagocytosis (Wyllie et al., 1980).
lar organisms (reviewed in Ellis et al., 1991; Ucker, Apoptosis is also often accompanied by DNA frag-
1991; Williams, 1991; Korsmeyer, 1992; Reed, 1994). In mentation, resulting from the activation of endonucle-
many cases, PCD involves a characteristic set of mor- ases which initially cleave the genomic DNA at its

most assessable locations, between the nucleosomes,
'Reprint requests may be addressed to either Dr. Ottilie or Dr. thus generating an oligonucleosomal degradation pat-

Reed. IDUN Pharmaceuticals, Inc., 11085 N. Torrey Pines Rd., tern which appears as a "ladder" of DNA bands that
La Jolla, CA 92037. can be detected by conventional agarose gel electro-
•Corresponding author. phoresis (Wyllie et al., 1984). Many of the morpholog-
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ical features of apoptotic cells may also be the result of existence of an evolutionarily conserved pathway that
i specific proteolytic cleavage events mediated at least controls cell survival and death (reviewed in Ellis,

in part by the interleukin-lg-converting enzyme 1991; Vaux and Strasser; 1996). This notion is further
(ICE)/CED-3 family of cysteine proteases (reviewed in supported by the discovery of structurally and func-
Martin and Green, 1995). These proteases have speci- tionally related genes in several viruses that infect

i• ficity for aspartic acid in the P1 position (aspases) and mammalian or insect species (Weiss et al., 1987; Rao et

mediate, directly or indirectly, the cleavage of a num- al., 1992; Henderson et al., 1993; Clem and Miller,
Dew of cellular proteins during apoptosis, including 1994). Furthermore, the discovery that some PCD-
those associated with the nuclear matrix (PARP, topo- regulatory genes have homologues in both plants and
isomerase 1), nuclear envelope (lamins, SREBPs), and animals (such as the anti-apoptotic gene dad-i) sug-
cytoskeleton (actin, gas-2, fodrin; Ucker et al., 1994; gests that some portions of the cell death machinery
Brancolini et al., 1995; Martin et al., 1995; Tewari et al., may have evolved originally in unicellular organisms,
1995; Kayalar et al., 1996; Wang et al., 1996). before the divergence of the plant and animal king-

One of the distinctive features of PCD and apoptosis doms (Apte et al., 1995).
is the cell autonomous nature with which these forms Among the more prominent regulators of apoptosis
of cell death occur, with the dying cells serving as are members of the Bcl-2 family of proteins. These
active participants in their own demise (i.e., commit- proteins appear to regulate a distal step in what may
ting suicide; Ucker, 1991). Cell suicide behaviors have represent a final common pathway for programmed
been observed even in some unicellular organisms, cell death and apoptosis. Some of the members of this
raising speculations that the cell death mechanisms protein family function as suppressors of apoptosis,
currently recognized as apoptosis and PCD in multi- whereas others act as promoters of cell death (re-
cellular organisms may have very primitive evolution- viewed in Vaux, 1993; Reed, 1994; Nufiez and Clarke,
ary origins (reviewed in Shub, 1994; Yarmolinsky, 1994; Oltvai and Korsmeyer, 1994). Interestingly, al-
1995; Ameisen, 1996). For example, some strains of though best known for its ability to regulate apoptotic
Escherichia coli will activate the expression of genes cell death, the anti-apoptotic protein Bcl-2 has also
that trigger cell death when infected with bacterio- been reported to be capable of suppressing necrotic
phages, presumably as a mechanism for limiting viral cell death under some circumstances (Kane et al., 1993,
replication and thus ensuring the survival of the clonal 1995; Subramanian et al., 1995; Shimizu et al., 1996),
descendants of an infected bacterium. Moreover, suggesting that some overlap exists in the cell death

many other examples of cell death exist in unicellular mechanisms which lead to apoptosis and necrosis and
bacterial species that could reasonably be classified as implying that Bcl-2 family proteins can potentially
suicide or programmed cell death in that the cell is an influence both of these types of cellular demise. At
active participant in its own demise and the death of present, the mechanism by which B~cl-2 family pro-

individual cells affords survival value to other cells teins control cell life and death remains enigmatic,
that derive from common antecedents, including the principally because the predicted amino acid se-
cell deaths associated with 1) restriction modification quences of these proteins share no significant similar-
systems involving restriction endonucleases and ity with other proteins that have a known biochemical
counteracting methylases; 2) cell suicide following activity. The three-dimensional structure of the Bcl-XL
DNA damage induced by irradiation or chemicals in protein, as determined by nuclear magnetic resonance
bacteria carrying colicin toxin genes; 3) the death of (NMR) and x-ray crystallographic studies, however, is
"mother cells" during sporulation of bacilli species; highly reminiscent of some types of pore-forming bac-
and 4) the death and subsequent cannibalization of terial toxins, particularly the B-subunit of diphtheria
cells-during fruiting body formation by myxobacteria toxin and E. coli colicin-A (Muchmore et al., 1996).
(reviewed in Shub, 1994; Yarmolinsky, 1995). In addi- Recent studies indicate that overexpression of Bcl-2
tion, cell death occurring with the classical features of or BcI-XL, anti-apoptotic members of this family of
apoptosis has also been reported in some eukaryotic proteins, can prevent the proteolytic processing and
unicellular organisms, such as in Triypanosoma species activation of ICE/CED-3 family proteases such as
which have been shown to undergo apoptotic cell CPP32 during induction of apoptosis in mammalian
death in response to high cell densities or insufficient cells (Armstrong et al., 1996; Boulakia et al., 1996; Chin-
nutrients (Ameisen et al., 1995; Welburn et al., 1996). naiyan et al., 1996; Messmer et al., 1996). Furthermore,

Several genes that regulate programmed cell death genetic analysis of the free-living nematode, Caeno0
and apoptosis have been identified in both vertebrate rhabditis elegans, has revealed a requirement for ccd-9,
and invertebrate metazoan species, including nema- the worm homologue of bcl-2, for suppression of pro-
todes, flies, mice, and humans (reviewed in Vaux and grammed cell deaths mediated via a CED-3 protease
Strasser, 1996). The finding of significant sequence dependent pathway (Yuan et al., 1993; Hengartner and
homology among some of these cell death-regulatory Horvitz, 1994). Bcl-2 family proteins therefore appear
genes and their encoded proteins has suggested the to act at a step at or upstream of the ICE/CED-3 family
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proteases. Whatever the biochemical process by which totic Bcl-2 family proteins to Bax can be insufficient to
W'-2 family proteins modulate cell survival and abrogate its function in yeast.
&ath, elements of this mechanism appear to be well These parallels between the effects of wild-type and
conserved throughout evolution based on the ability mutant Bcl-2 family proteins in budding yeast on cell
of the human Bcl-2 protein to 1) protect insect cells death suggest that some aspects of the functions of
firm virus-induced apoptosis (Alnemri et al., 1992); 2) these proteins may be translatable into less complex
mcue superoxide dismutase- (sod) deficient strains of organisms. Although few details are known concern-
udding yeast (Saccharomyces cerevisiae) from cell ing the mechanisms by which Bax kills and Bcl-2

death induced by growth under aerobic conditions protects in budding yeast, preliminary explorations of
(Kane et al., 1993); and 3) partially substitute for ced-9, this topic suggest that it does not involve apoptosis
the nematode homologue of bcl-2, in suppressing cell (Nufiez and Clarke, 1994). Since aspects of the cell
death during development in C. elegans (Hockenbery division mechanisms utilized by fission yeast more
et al., 1990). closely resemble what occurs in mammalian cells (Alfa

The function of Bcl-2 family proteins appears to be et al., 1993), we explored the function of the Bcl-2
regulated, at least in part, by their interactions with family proteins Bax, Bak, Bcl-2, and Bcl-XL in S. pombe.

each other through a complex network of homo- and In addition, we extended previous studies of Bcl-2

heterodimers (Oltvai et al., 1993; Sato et al., 1994; Yin et family protein function in yeast by exploring the mor-
al, 1994; Bodrug et al., 1995; Hanada et al., 1995; Sedlak phological characteristics of S. pomfbe induced to die by

etal., 1995). The anti-apoptotic proteins Bcl-2 and Bcl- Bax and its closely related homologue Bak, and asked

XL, for example, bind to the proapoptotic protein Bax whether Bax and Bak induce the production of ICE-/

afd suppress cell death (Oltvai et al., 1993; Sato et al., CED3-like protease activities in this unicellular organ-

t994; Sedlak et al., 1995). Mutant versions of Bcl-2 and ism. Finally, we established that Bax expression in-

Od-XL have been described that fail to heterodimerize duces activation of apoptosis-associated ICE/CED-3-

Vith Bax and also lack anti-apoptotic function (Oltvai like protease activity in mammalian cells and
'aul., 1993; Sedlak et al., 1995). Similarly, the wild-type compared this response to that seen in S. pombe.

]lak protein, a proapoptotic member of the Bcl-2 pro-
tein family, binds to Bcl-XL and promotes cell death, MATERIALS AND METHODS
Whereas mutant versions of Bak that are incapable of

7terodimerizing with Bcl-XL are deficient in promot- Yeast Strains and Media
• apoptosis (Chittenden et al., 1995a). In addition, The S. pombe strain SOP444 (h leuI-32 ura4-D18 his7-366 ade6-

5-of-function mutants of the Bcl-2 and Bax proteins M210) was used for all experiments. Cells were maintained in
YEL/YES media before transformation and in EMM, lacking the

tve been described which have impaired ability to selective amino acids, after transformation (Alfa et al., 1993).
bmodimerize (Hanada et al., 1995; Zha et al., 1996a).

The goal of delineating the molecular mechanisms
-2 family proteins would be greatly facilitated by Coi human Bak cDNA

.g able to assess the function of these apoptosis- The human bak cDNA was cloned by polymerase chain reaction
(PCR) amplification from a HIepG2 cDNA library using the primers

ating proteins in more simple eukaryotes that are 5'-ATTCCTGGAAACTGGGCTC-3' and 5'-TGGAGTGCACCACT-
y manipulated in terms of genetic analysis. Re- TGCTAAAG-3'. The resulting PCR product was digested with

fly, it has been shown that the proapoptotic protein BamHI and HindIIl and cloned into the corresponding sites in

confers a lethal phenotype when expressed in the Bluescript pSK-II (Stratagene, La Jolla, CA).

-ding yeast S. cerevisiae (Sato et al., 1994, 1995;
eenhalf et al., 1ý96) and is primarily targeted to the Plasmid Constructions

ý"tochondrial membranes (Zha et al., 1996b). Analo- The vectors pREP3X (leu2 marker) and pREP4X (ura4 marker), con-

gous to studies performed in mammalian cells, anti- taining the thiamine repressible nnt promoter, were used for con-

Pptotic members of the Bcl-2 protein family, includ- ditional expression of cDNAs in S. pombe (Forsburg, 1993). All

ig Bcl-2, Bcl-XL, and Mcl-1, suppress the lethal cDNAs were blunted and subcloned into the Smal site of these
vectors. The human bcl-2 cDNA was excised from pRcCMV-Bcl-2 by

fction of Bax in yeast, whereas the proapoptotic digestion with Xbal and HindlII. The human Bax cDNA was ob-
PItein Bcl-Xs and various deletion mutants of Bcl-2 tained from pcDNA3-hubax by digestion with EcoRI. The bcl-XL
W1"ich are nonfunctional in mammalian cells do not cDNA was taken from pSKIIBcI-XL by EcoRl digestion. The human

&t;to a 1995;s Hanada ete al., bak cDNA was excised from pSKII-Bak by digestion with BamHl and
0et al., 1994; Bodrug et HindIIl. The p35 cDNA was excised from pPRM-3K-ORF (Sugimoto

P95 Greenhalf et al., 1996). Interestingly, even some et al., 1994) by digestion with BamiHl. The bcl-2 (G145A) mutant wasttants of Bcl-2 which retain the ability to bind Bax constructed by PCR amplification using the plasmid MI-3 (Yin et
. which are deficient in anti-apoptotic activity in al., 1994) as a template and the following primers: 5'-ATCAGTCTC-

u Bax- GAGACTATGGCGCACGCTGGGAGA-3' and 5'-ATCGATCTC-alian cells are likewise unable to suppress GAGTCACTTGTGGCTCAGATAGGC-3'. The resulting PCR prod-

ated lethality in budding yeast (Hanada et al., uct was digested with Xhol and subcloned into pREP3X. The proper

5), implying that the mere binding of anti-apop- construction of all plasmids was confirmed by DNA sequencing.
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Transformation and Induction of Protein Expression bition of CPP32 activity by lysates or recombinant purified p35S~protein was expressed as a percentage relative to the DEVD-AMC
Transformations were performed using the lithium acetate method poein as expresed a pen relativ tomthe with-AM
(Moreno et al., 1991). Cells were maintained in media (EMM lacking cleaving activity obtained when 1 U of CPP32 is combined with 75
uracil and/or leucine) containing 5 gg/ml thiamine to prevent tg of Rep3X control extract.
induction of the nrmt promoter. Cells were then cultured either on
plates or in liquid media in the presence or absence of thiamine. Mammalian Cell Viability Assay
Cells in liquid culture were periodically diluted to sustain log phase 293 cells (2 × 105/well) in 6-well plates were transfected by calcium
growth. phosphate precipitation with pCIneo/pCIBax/pClp35 as appropri-

ate in an equal molar ratio. One-fifth the amount of pRcCNrV-/3-
Immunoblot Assays galactosidase expression vector was cotransfected as a marker for

transfected cells. Twenty-four hours after transfection, cells were
Cells were harvested by centrifugation, washed once with phos- fixed and LacZ-expressing cells were visualized using 5-bromo-4-
phate-buffered saline, and resuspended in Laemmli buffer. The chloro-3-indolyl-13-D-galactopyranoside as a substrate. Percentage
resulting lysates were kept at -70'C until used, boiled for 15 min, of death was determined as the ratio of round blue cells to total
and briefly centrifuged, and the supernatants were run in 12% (round + flat) blue cells X 100. Experiments were done in triplicate
polyacrylamide gels. Samples were normalized for cell number, and are expressed as the mean value ± SD.
determined by optical density at ODtx,. Immunoblotting was per-
formed using an enhanced chemiluminescence method (Krajewski
et al., 1996b). Antibodies used for these studies included polyclonal RESULTS
rabbit antisera huBax 1701, huBak 1764, and huBcl-X 1695 and the
anti-human Bcl-2 monoclonal antibody 4D7 (Krajewski et al., 1994- Expression of Bax or Bak Confers a Lethal
1996a; Reed et al., 1992). Phenotype in S. pombe

cDNAs encoding the human Bax and Bak proteins
Electron Microscopy (EM) were subcloned into the S. pombe vector pREP3X,
Cells were harvested at the indicated times by centrifugation, which utilizes an nlnt ("no message with thiamine")
washed once with phosphate-buffered saline, and fixed for 30 min in promoter for conditional expression of heterologous
4 M phosphate buffer containing 3% glutaraldehyde. After two
washing steps with 4 M phosphate buffer, cell pellets were embed- cDNAs. The presence of thiamine in the growth
ded in Epon. Cells were postfixed and counterstained with 0.59 media represses expression of this promoter,
osmium tetroxide and 1% uranyl acetate, cut ultrathin, and placed whereas removal of thiamine induces the promoter
on grids (Krajewski et al., 1993). Sections were imaged using a with a lag time of -12 h (Maundrell, 1990). S. pombe
Hitachi H-600 electron microscope. cells (strain SOP444) were transformed with the Bax

and Bak expression plasmids or the parental
Cysteine Protease Enzyme Assays pREP3X plasmid as a control. Transformants were
Lysates (50 Ag total protein) were prepared from S. pombe Bax/p35, initially plated on media containing thiamine, thus
Bak/p35, and Rep/p35 transformants by glass bead disruption, repressing the nmt promoter, and then single colo-
adjusted to 150 Al total volume in buffer A 120 mM n-2-hydroxy-
ethylpiperazine-N'-2-ethanesulfonic acid, pH 7.5, 1 mM EDTA, 5 nies were isolated, streaked onto plates containing
mM dithiothreitol, 0.1% 3-([3-cholamidopropylldimethylammonio)- or lacking thiamine, and assayed for their ability to
2-hydroxy-l-propanesulfonate, 10% sucrose], and added to a single grow. As shown in Figure 1A, yeast calls carrying
well of a 96-well plate. Reactions were started by addition of 50 pl the Bax expression plasmid were markedly ira- m ;
of fluorogenic tetrapeptide-aminomethylcoumarin (AMC) sub-
strates to a final concentration of 10 AiM. The following substrates
were used: DEVD-AMC and YVAD-AMC. Fluorescent AMC prod- thiamine compared with cells containing the control
uct formation was measured at excitation 360 nm, emission 460 nm, plasmid. In contrast, transformants containing the
using a cytofluor II fluorescent plate reader (Millipore, Bradford, Bax and control plasmids grew equally well on thi-
MA). The change in fluorescence was measured over I h and amine-supplemented medium. Similar results were
expressed as the change in fluorescence per hour. 293 cell lysates m
were prepared in buffer A from 1.8 x 10' cells on 10-cm dishes 24 h obtained for Bak (our unpublished results).
after transfection using standard calcium phosphate methods with To determine whether Bax and Bak induce cell
either 50 j-g pClneo (Promega, Madison, WI) alone, 50 jg total of death as opposed to a reversible growth arrest,yeast
pClneo/pClp35, pCIBax/pClneo, or pClBax/pCIp35 at equal molar cells that had been transformed with the Bax, Bak,
ratios. Fifty micrograms of extract were used per assay point anddeterminations were made in duplicate,.rcnrlpamd eecutrdi iudmda i~

without thiamine to induce the nint promoter. Ali
p35 Inhibition Assays quots of these cultures were then removed at vari-

ous times and plated onto solid media containing
Lysates (50 j-g total protein) from S. pombe Bax/p35, Bak/p35, and thiamine. If the growth inhibition mediated by Ba'
Rep/p35 double transformants or pRep transformants as a control
were prepared by glass bead disruption or, alternatively, 50 ng of and Bak was reversible, then plating the cells 0o'
recombinant 6Hisp35 protein were used. Yeast cell lysates or recom- thiamine-containing medium would be expected tO
binant p35 were adjusted to a total volume of 100 Ail in buffer A, rescue the cells and result in colony-forming units at
added to a single well of a 96-well plate, and 1 U of recombinant frequencies comparable to cells carrying the control
purified active CPP32 protease (Nicholson et al., 1995) was added in
a volume of 75 Ail. The substrate DEVD-AMC was then added in 25 plasmid. Conversely, if Bax and Bak kill S. 170101,

jAl of buffer A to a final concentration of 10 jiM and release of the then the cells should not be rescuable on thiamliine-
fluorogenic AMC product was monitored as described above. lnhi- supplemented medium.
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As shown in Figure 2,A and B, culturing cells that Bcl-XL can rescue fission yeast from Bax- or Bak-in-
contained Bax or Bak expression plasmids in thia- duced cell death, S. pombe cells containing Bax or Bak
mine-deficient medium (to induce the nmt promoter) expression plasmids were transformed with expres-
resulted in a time-dependent decline in the numbers sion plasmids encoding wild-type Bcl-2, mutant Bcl-
of viable clonigenic cells that could be subsequently 2(G145A), or Bcl-XL under the control of the nint pro-
recovered on plates containing thiamine, with >75% moter in pREP4X which carries a URA4 selectable
inhibition of viable colony formation within -10 h marker as opposed to the LEU2 marker in pREP3X
and nearly complete suppression of colony formation plasmid from which Bax and Bak were expressed.
occurring within -14 h (data normalized relative to After initial plating on thiamine-containing medium
efficiency of rescue of cells containing the pREP pa- to repress the nmt promoter and thus prevent expres-
rental plasmid as a control). Using trypan blue stain- sion of Bax and Bak, single colonies of these transfor-
ing, we observed the appearance of dying cells around mants were streaked onto plates that contained or
10-14 h (our unpublished results), consistent with the lacked thiamine. Both Bcl-2 and Bcl-XL restored
plating results. These data are consistent with a lethal growth to Bax- and Bak-expressing cells when plated
effect of Bax and Bak on S. por be. on thiamine-deficient medium, as illustrated by the

Bcl-2 and Bcl-XL Rescue S. pombe from Lethal representative experiment shown in Figure lB. In con-

Effects of Bax and Bak trast, Bax- and Bak-expressing cells that contained the

Bcl-2 and Bcl-XL are anti-apoptotic members of the plasmid encoding the mutant Bcl-2 (G145A) protein

Bcl-2 protein family that have been reported to sup- failed to grow when streaked on thiamine-deficient
press the cell death-promoting effects of Bax and Bak medium. Comparable growth was observed for allin mammalian cells (Oltvai etal., 1993; Chittenden et transformants when streaked onto plates containing
al., 1995a,b; Farrow et al., 1995). BCi-XL can het- thiamine-supplemented medium, demonstrating the
erodimerize with both Bax and Bak, whereas Bcl-2 specificity of these results (Figure 1B). Bcl-XL consis-
interacts efficiently with Bax but more poorly with Bak tently afforded more protection than Bcl-2 in these
(Farrow et al., 1995). Certain loss-of-function mutants assays, not unlike some results involving mammalian
of Bcl-2, such as Bcl-2 (G145A), fail to heterodimerize cells (Gottschalk et al., 1994). Similar results were ob-
with Bax and also do not suppress apoptosis (Yin et al., tained with -10 other independent clones of each

1994). To determine whether the expression of Bcl-2 or transformation.

A
+ Thiamine - Thiamine

control control

Figure 1. Bax/Bak-lnduced cell 4S 4 2 4 1
death in S. pombe and rescue by 2
BC1-2 and Bcl-X 1 . In A, S. pombe
cells were transformed with a Bax 3 3
expression plasmid. Four inde-
pendent clones were tested on se-
lective media with and without B
thiamine (1-4). In the absence of
thiamirel Bax is expressed. Con-
trols were transformed with the + Thiamine - Thiamine + Thiamine , Thiamine
parent plasmid lacking a baxCD A isr.I ,idvd a o-bax+bcl-XL b xb kblX a

Onies of S. pooibe transformants A
containing pREP3X-Bax or bax+bcl-2mut. bax+bcl-2 bak+bcl-2mut. bak+bcl-2
PREP3X-Bax with either pREP4X,
PREP4X-Bcl-2, pREP4X-Bcl-2 mu-
tant (G145A), or REP4X-Bcl-XL bak+bc-2
plasmids were streaked onto bax+bcl-2 bax+bcl-2mut. b
plates containing or lacking thia-

mine and growth was monitored bak -XL
4 d later. bax bax+bcl-XL
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125- A. Bax C. BaX/BCI-XL
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I- 75 -- 75-
z z
0 0
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0 0

25 25-

0 0 1 •, 0-
0 5 10 15 20 25 0 10 15 2'0 25

TIME [HRS] TIME [HRS]

125- B. Bak 125- D. BakIBcl-XL

1004 100l
.j _j Figure 2. Bax- and Bak-mediated growth inhibi-
M tion is irreversible. Cells were transformed with

s - 75- pREP3X and pREP4X plasmids either lacking a
0 0cDNA insert (parental) or containing bax, bak, or

0 V bcl-XL cDNAs and grown to mid-log phase in thi--L 50- u.50-
0 0 amine-containing medium, and then washed and

S•diluted 1:10 into fresh medium lacking thiamine to

25 25- induce the nmt promoter. At various times there-
after, cells were plated onto thiamine-containing
solid medium, and the relative numbers of colonies

0 0 , were determined based on comparisons with cells
0 5 10 15 20 25 0 5 10 15 20 25 cotransformed with the pREP3X and pREP4X pa-

rental plasmids. (A) Bax; (B) Bak; (C) Bax and
TIME [HRS] TIME [HRS] Bcl-XL; (D) Bak and Bcl-XL.

The ability of Bcl-XL and Bcl-2 to rescue Bax- and increased numbers of viable clonigenic cells, we con-
Bak-expressing S. pombe cells was also observed in clude that Bcl-XL is capable of abrogating the lethal
experiments where cells were transiently cultured in effects of Bax and Bak in S. pombe.
thiamine-deficient medium to induce the nmt pro- Finally, the effects of Bcl-2 and Bcl-XL on Bax- and
moter in the pREP3X and pREP4X plasmids that con- Bak-expressing S. pombe cells were examined by grow-
tained bax, bak, bcl-2, and bcl-XL cDNAs, and then at ing cells in thiamine-deficient liquid culture medium
various times thereafter were replated onto thiamine- and spectrophotometrically assessing the cell culture
containing medium to shutoff expression of Bax and densities over a -2-day period by measuring the ab-
Bak. As shown in Figure 2,25-50% of the cells that had sorbance at 600 nm. As shown in Figure 3, when S.
been cotransformed with the pREP4X-Bcl-XL plasmid pombe cells containing the pREP3X-Bax or pREP3X-
and either the pREP3X-Bax (Figure 2C) or the Bak plasmids in combination with the pREP4X control
pREP3X-Bak (Figure 2D) plasmid were rescuable plasmid lacking a bcl-2 or bcl-XL cDNA were switched
when plated on thiamine-containing plates after a pe- from thiamine-containing medium to thiamine-free
riod of growth in thiamine-deficient medium. Similar medium, growth as defined by OD600 nm began to
results were obtained with Bcl-2, but the rescue was cease by - 24 h. In contrast, the cell densities in
less effective compared with Bcl-XL (our unpublished cultures of S. pombe cells that contained the pREP4X-
results). In contrast, the cells transformed with the Bcl-XL or pREP4X-Bcl-2 expression plasmids along
pREP4X parental plasmid (lacking a bcl-XL or bcl-2 with either pREP3X-Bax or pREP3X-Bak continued to
cDNA) and either pREP3X-Bax or pREP3X-Bak were increase at 24 h, with faster rates of growth seen in the
all unrecoverable within 24 h of growth in thiamine- Bcl-XL- than the Bcl-2-expressing cells (Figure 3, A and
deficient medium, as mentioned above (Figure 2, A B). Cells that coexpressed the Bcl-2 (G145A) mutant
and B). Since coexpression of Bcl-XL allowed cells to protein with either Bax or Bak, on the other hand,
survive a transient exposure to Bax or Bak, resulting in ceased growing after -24 h, thus verifying the speci-

330 Molecular Biology of the Cell



Bax- and Bak-mediated Death in Fission Yeast

ficity of the results. Growth of all transformants was the various S. pombe transformants after inducing cells
comparable in thiamine-supplemented medium (our in thiamine-deficient medium. These experiments
unpublished results), consistent with the thiamine- were performed in parallel with the growth studies
mediated repression of the nmt promoter., described above in Figure 3, thus allowing direct com-

As an additional control, we examined the effects of parisons of expression of these Bcl-2 family proteins
Bcl-2 and Bcl-XL on the growth of S. pombe in the with function. As shown in Figure 4, production of the
absence of Bax or Bak. Cells transformed with the Bax and Bak proteins was either undetectable or just
pREP4X-Bcl-2 plasmid and pREP3X, the same paren- barely detectable by immunoblotting at the earliest
tal plasmid from which Bax and Bak were expressed time examined (14 h) but became maximal at 24-36 h
but without the bax or bak cDNAs, grew at rates com- after seeding cells into thiamine-deficient medium.
parable to control transformants containing only the When compared with the data above in Figure 3, these
pREP4X and pREP3X parental plasmids (Figure 3C). immunoblotting data therefore suggest that accumu-
Thus, Bcl-2 by itself did not have an effect on growth. lation of the Bax and Bak proteins coincides roughly
In contrast, yeast cells transformed with pREP4X- with the onset of growth inhibition. The observation
Bcl-XL and pREP3X grew somewhat faster than con- that 10-15 h of Bax or Bak induction renders cells
trol transformants containing the pREP4X and nonviable (Figure 2) suggests that these proteins can
pREP3X parental plasmids in some experiments (e.g., have effects on S. pombe cells at modest expression
Figure 3), but grew at rates essentially identical to levels.
control transformants in others. Taken together, these The time courses of induction of Bcl-2 and Bcl-XL
data in Figure 3 support the contention that Bcl-2 and were similar to those of Bax and Bak, as might be
Bcl-XL specifically suppress the lethal effects of Bax expected given that the same nmnt promoter was used
and Bak in S. pornbe, whereas the Bcl-2 (G145A) mu- for driving expression of these anti-apoptotic proteins
tant does not. in S. pombe. Note that the wild-type and mutant Bcl-2

(G145A) proteins were produced at comparable levelsTime Courses of Bak and Bax Protein Accumulation in yeast, thus excluding insufficient production of the
Correlate with Kinetics of Growth Inhibition mutant Bcl-2 (G145A) protein as an explanation for its
in S. pombe failure to rescue cells from Bax- and Bak-induced
The time courses of Bax, Bak, Bcl-XL, and Bcl-2 protein death. The levels of Bax and Bak produced in yeast
accumulation were evaluated by immunoblotting of containing the Bcl-XL or Bcl-2 expression plasmids

Figure 3. Time course of ef- 150- 150 0
fects of Bax and Bak on [A] Bax 18] Bak 800 [C] Controls
growth of S. ponibe. Cells [
transformed with pREP3X X X
plasmids containing bax or bak 0 100 600
cDNAs with either pREP4X, 100
PREP4X-Bcl-2, pREP4X-Bcl-2 0
mutant (G145A), or pREP4X- 400
BcI-XL plasmids were grown LU W LU
to mid-log phase in thiamine- -50 F 50 F
containing medium, and then (-a .a 2 0 0
washed and diluted 1:10 into WU Wu
fresh medium lacking thia- -
mine to induce the nrnt pro- 0
moter. At various times there- 0 1 2-0 100 20
after, relative cell growth was 0 10 20 30 40
estimated by ODj n,. Cells TIME [hr] TIME [hr] TIME [HRS]
were maintained in mid-log
phase growth throughout the : control 0 Control
experiment by dilution in
fresh thiamine-deficient me- • flc.2 - flxdium prior to the OD6(,, n- S fcl-2(A145) Be ak
reaching 0.7. Data represent
calculated theoretical total B I-XL F B.--2
ODs. C (control) represents 

-- fld.XL
cells cotransformed with the
PREP3X and pREP4X control
Plasmids. In A, all transformants contained the pREP3X-Bax plasmid along with various pREP4X plasmids as indicated. In B, all
transformants contained the pREP3X-Bak plasmid along with other plasmids. In C, cells cotransformed with pREP3X parental plasmid andeither pREP4X parental plasmid (C, 0), pREP4X-Bcl-2 (0), or pREP4X-Bcl-X, (0). Alternatively, cells were transformed with the pREP4X
Parental plasmid and either pREP3X-Bax (E) or pREP3X-Bak or pREP3X-Bax (El).
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were typically comparable to or even greater than transmission EM (reviewed in Wvllie et al., 1980). W(
those seen in cells that expressed Bax or Bak in the therefore analyzed by EM the morphology of S. ponib,
absence of these anti-apoptotic proteins, thus dis- cells undergoing cell death as a result of expressing
counting lower levels of Bax and Bak protein as the Bax or Bak. As shown in Figure 5, striking differences
explanation for the rescue of S. pombe by Bcl-XL and were seen in the morphology of control cells that
Bcl-2 (our unpublished results). Moreover, the maxi- carried plasmids lacking cDNA inserts (A) and the
mum relative levels of Bax and Bak reached in fission Bax-expressing S. poinbe cells (B). Bax-expressing cells
yeast cells were comparable to those seen in several uniformly developed massive vacuolization of the cv-
mammalian tissues when samples were normalized tosol. The cvtosol also became electron dense ("cyto-
for total protein content (Krajewski et al., 1996a, and solic condensation"), similar to previous descriptions
our unpublished results). Thus, it cannot be argued of programmed cell death in plant and animal cells.
that supraphysiological levels of these cell death-pro- However, the size distribution of control and dying
moting proteins were obtained in S. pombe. Analysis of Bax-expressing cells was approximately the same, and
control transfected S. pombe cells that contained the thus Bax expression did not induce the cell shrinkage
same pREP 3X and pREP 4X plasmids without bax, typical of mammalian cell apoptosis. Also, unlike ap-
bak, bcl-XL, or bcl-2 cDNA inserts ("C") revealed no optosis in animal cells, plasmq membrane blebbing
proteins that could be detected by antibodies directed was not observed, but at higher resolution (our un-
against the human proteins, thus confirming the spec- published results) invaginations of the plasma mem-
ificity of the immunoblotting results (Figure 4). brane were commonly present beneath the cell wall in

Bax- and Bak-expressing cells. Foci of chromatin con-
Morphological Analysis of Bax- and Bak-expressing densation were present in the nucleus of Bax-express-
S. pombe by EM ing cells but not in the control cells. No evidence of
The distinct morphological features that characterize nuclear fragmentation or of chromatin margination
apoptosis in animal cells are best demonstrated by against the nuclear envelope was obtained by EM

Bax + Bcl-2 Bax + Bcl-2(A145) Bax + BcI-XL kDa Figure4. Immuno-
AF 45 blot analsis of Bcl-2

family proteins in S.
- -31 pombe. Cells that

-21 had been co-

Bax eo. -• AS-,, -- 0 transformed with
0 pREP3X plasmids

C 34 30 22 14 0HRS C34 30 22 14 0 HRS C 34 30 22 14 0HRS encoding eitherBax
or Bak and REP4X

-31 plasmids encod-
ing Bcl-2, Bcl-2

> (G145A), or Bcl-XLBcI.2/BCI.XL M d•h- -21 were grown as de-

C 34 30 22 14 0HRS C 34 30 22 14 0HRS C 34 30 22 14 0HRS scribed in Figure 3,
and aliquots of the
cells were removed,
lysed, and their pro-
teins analyzed by

B Bak + Bcl-2 Bak + BcI-2(A145) Bak + BcI-XL SDS-P'AGE/immu-
noblotting using an-

-31 tisera specific for
Bak e 10 m the human Bax, Bak,

-- 21 Bcl-2, and Bcl-X pro-
teins (Krajewski et
al., 1996b). Detec-

C 34 30 22 14 0HRS C 34 30 22 14 0HRS C 34 30 22 14 0HRS tion was accom-
plished with an
enhanced chemilu-

B •- -31 minescence method
B using a horseradish

peroxidase-conju-
C 34 30 22 14 0HRS C 34 30 22 14 0 HRS C 34 30 22 14 0HRS gated secondary

goat anti-rabbit an-
tibody as described (Krajewski et al., 1996b). C represents control cells cotransformed with pREP3X and pREP4X parental plasmids. In the
rows labeled as Bcl-2/Bcl-XL, the closed arrows indicate the positions of the Bcl-2 protein, whereas the open arrows indicate the position of
the Bcl-XL protein. The BcI-XL protein routinely migrates as a doublet in SDS-PAGE (Krajewski et al., 1994). The smaller band seen in some
cases for Bcl-2 probably represents a partial degradation product.
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analysis. Similar results were obtained for Bak-ex- relative to Bax and Bak. The pypI phosphatase in-
pressing S. pombe cells (our unpublished results). De- duces a G2-M arrest followed by cell death (Ottilie et
spite the presence of focal chromatin condensation in al., 1992). EM analysis of pypl-expressing cells dem-
Bax- and Bak-expressing S. pombe cells, we were un- onstrated elongation of the cells consistent with a
able to detect the presence of fragmented DNA having G2-M arrest (our unpublished results), followed -1 d
the oligonucleosomal pattern typical of apoptotic cells later by the massive vacuolization and other changes
by agarose gel electrophoresis. seen in Bax- and Bak-expressing S. pombe cells. Multi-

To explore whether these morphological changes focal chromatin condensation, however, was less evi-
were specifically associated with the cell death process dent in these pypl-expressing cells compared with
induced by Bax and Bak versus merely a characteristic Bax and Bak (our unpublished results). Similar mor-
of producing Bax or Bak protein in this fission yeast, phological features have been described recently for S.
EM analysis was performed for S. pombe cells coex- cerevisiae overexpressing histone HI (Miloshev et al.,
pressing Bcl-XL with either Bax or Bak. Immunoblot 1994), further suggesting that the morphology pro-
analysis confirmed that the relative levels of the Bax duced as a result of ectopic expression of Bax and Bak
and Bak proteins produced in these Bcl-XL-expressing in S. pombe is not unique to these mammalian pro-
cells were as high as those seen in cells expressing Bax apoptotic proteins.
or Bak alone without Bcl-XL (our unpublished results).
In fact, the levels of Bax and Bak tended to be approx-
imately twofold to threefold higher in the Bcl-XL-ex- Absence of Detectable ICE/CED-3-like Protease
pressing cells (our unpublished results), possibly be- Activity in S. pombe Cells Undergoing Bax- and
cause these cells were able to tolerate higher levels of Bak-mediated Cell Death
these proapoptotic proteins. EM analysis of these cells
revealed that about one-half to three-quarters of the The induction of apoptosis in mammalian cells is typ-
Bcl-XL-expressing cells retained the morphological ically accompanied by the activation of proteases of
features of control cells, whereas the others developed the ICE/CED-3 family (reviewed in Martin and Green,
the cytosolic condensation, vacuolization, and focal 1995). These proteases cleave their substrates specifi-
chromatin condensation that was seen in essentially cally after aspartic acid. To address the question of
all of the cells that expressed Bax or Bax alone in the whether S. poinbe cells undergoing cell death due to
absence of Bcl-XL (Figure 5C). These morphological the expression of bax contain similar protease activi-
data are in general accord with the clonogenic assay ties, lysates were prepared from cells after inducing
(Figure 2) which also demonstrates a partial rescue Bax expression from the nmt promoter in pREP3X as
from Bax/Bak-induced death. The incomplete rescue well as from control cells containing the same plasmid
in these assays is possibly due to clonal differences in without Bax. In vitro assays for ICE/CED-3 protease
the copy number of the episomal plasmid from which activity were then performed using two different flu-
Bcl-XL was expressed. orogenic peptide substrates that are known to be ef-

These morphological features of dying S. pombe cells fective for one or more ICE/CED-3 family proteases:
were not unique to Bax and Bak, since overexpression YVAD-AMC and DEVD-AMC (Nicholson et al., 1995).
of the protein tvrosine phosphatase pypl produced Neither of these substrates was cleaved by S. pombe
many of the same changes but with a delay of -1 d lysates expressing Bax (Figure 6A). In contrast, Bax

Figure 5. EM analysis of Bax-expressing S. ponibe. Cells were transformed with either pREP3X (A), pREP3X-Bax (B), or pREP3X-Bax plus
PREP4X-Bcl-X, (C) and then grown for I d in thiamine-deficient mrdium prior to fixing cells and performing EM analysis.
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overexpression in mammalian 293 cells leads to an DISCUSSION
increase in DEVD-AMC cleaving activity (Figure 6B). The purpose of this study was to investigate the

effects of Bax and Bak expression in the fission veast
S. poinbe and to compare it to Bax-induced cell death

p35 Does not Rescue Bax-induced Cell Death in mammalian cells. Several observations demon-
in S. pombe strate similarities between the effects of these pro-
To further explore the possibility that ICE/CED-3- teins in fission yeast and mammalian cells. First, Bax
like proteases are involved in the Bax/Bak-medi- and Bak expression resulted in cell death in yeast.
ated cell death process in S. pombe, we constructed Moreover, the effects of Bax and Bak were not re-
an expression plasmid containing a cDNA for the lated simply to an arrest of cell growth, but rather
baculovirus p35 gene under the control of the nint were due to cell death, as determined by clonigenic
promoter. The p3 5 protein binds to and inhibits the assays. Second, the lethal effect of Bax and Bak was
enzymatic activities of all known ICE/CED-3 family specifically abrogated by coexpressing the anti-ap-
proteases (Rabizadeh et al., 1993; Hay et al., 1994; optotic proteins Bcl-XL and Bcl-2, but not a mutant
Sugimoto et al., 1994; Bump et al., 1995; Xue and of Bcl-2 that fails to suppress the proapoptotic ef-
Horvitz, 1995; Bertin et al., 1996). The p35 protein fects of Bax in animal cells (Yin et al., 1994). These
has also been shown to block apoptosis and pro- observations therefore are similar to reports involv-
grammed cell death in a wide range of animal spe- ing mammalian cells, where the effects of these Bcl-2
cies or cells derived from them, including nema- family proteins on cell survival and death have been
todes, flies, ants, mice, rats, and humans (Clem and studied previously. Other observations, however,
Miller, 1994; Pronk et al., 1996; White et al., 1996). demonstrated differences between yeast and mam-
Yeast containing the pREP3X-Bax, pREP3X-Bak, or malian cells with regard to the cell death phenotype
pREP3X plasmids were transformed with pREP4X- conferred by Bax and Bak. First, the morphology of
p35 or the same vector without a cDNA insert as a . pombe cells undergoing Bax/Bak-induced cell

control. Cells were then grown to mid-log phase in death involved cytoplasmic vacuolization, cytosolic
control.Ce-deficient tendir to ind -log th xprsseion condensation, and multifocal nuclear condensation,thiamine-deficient medium to induce the expression but not the cell shrinkage, nuclear fragmentation,
of p35 and d Bax and Bak. Cell lysates were prepared and chromatin margination characteristic of apopto-
and tested for their ability to inhibit the activity of sis. Second, internucleosomal DNA fragmentation
the ICE/CED-3-family protease CPP32 using an in was not observed in this fission yeast, but is often
vitro protease assay. These experiments demon- found in mammalian cells undergoing apoptosis.
strated that an inhibitory activity consistent with Third, no ICE/CED-3-like protease activities were
p35 was specifically produced in the cells trans- detected in yeast induced to express Bax or Bak.
formed with the p35 but not in cells transformed Fourth, the protease inhibitor p35 failed to prevent
with the parental plasmid pRep (lysates normalized Bax/Bak-induced cell death in S. pombe.
for total protein content). As an additional control, The cell death process mediated by Bax and Bak in
recombinant purified p35 protein (2.5 ng) was fission yeast involved morphological changes that
added to this in vitro protease assay, resulting in were not consistent with apoptosis as defined in mai-
-99% inhibition of CPP32 activity (Figure 6C). malian cells, but instead was more reminiscent of pro-

Despite the production of biologically active p35 in grammed cell death in plants and protists. In particu-
yeast, no suppression of the lethal phenotype con- lar, the striking cytoplasmic vacuolization, cytosolic
ferred by Bax and Bak was observed in cells that condensation, and multifocal nuclear condensation
coexpressed p35 with these proapoptotic proteins (our seen in S. pombe when induced to die by Bax and Bak
unpublished results). Similarily, Bax- and Bak-in- were highly similar to the programmed cell death
duced lethality were also not impaired in yeast in reported previously for the slime mold Dictyostelium
which p35 expression was driven by a constitutive (Cornillon et al., 1994). Like the death of stalk cells seen
ADH promoter (our unpublished results). In contrast, in the multicellular structures formed by Dictyostelium
in 293 cells both the Bax-induced DEVD-AMC cleav- during times of nutritional insufficiency, the induction
ing activity (Figure 6B) and Bax-induced cell death are of cell death by Bax and Bak in S. pombe did not
inhibited by overexpression of p35 (Figure 6D). Taken involve DNA fragmentation in the oligonucleosomal
together, these results suggest that S, pombe lack pro- pattern that is typical of apoptosis in many types of
tease activities similar to the ICE/CED-3 family pro- animal cells. Since pulse-field gel electrophoretic anal-
teases that become activated during apoptosis in ani- ysis of yeast chronrosomal DNA was not performed,
mal cells. Furthermore, such proteases are evidently we cannot exclude the possibility that DNA fragmen-
not the effectors of cell death induced by Bax and Bak tation into higher molecular weight fragments
in fission yeast. occurred, as has been reported for some types of mare-
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Figure 6. Lack of ICE/CED-3-like protease activity in Bax-transformed S. popnbe cells. In A, lysates were prepared from S. pombe cells
cotransformed with pREP4X and either the pREP3X parental plasmid (hatched bar; no activity) or pREP3X-Bax (stippled bar) at 12 h after
diluting them into thiamine-deficient medium. The relative amount of release of fluorogenic product (AMC) from the peptide substrates
DEVD-AMC and YVAD-AMC in 1 h is shown in arbitrary fluorescence units (AFU). As a control, I U of purified recombinant CPP32 (solid
bar) is shown using DEVD-AMC as a substrate. (This protease cleaves the peptide substrate DEVD-AMC (Nicholson et al., 1995.) In B, 293
lvsates were prepared 21 h after transfection with 50 gLg of pClneo or 25 gg each of pClneo/p35, Bax/pClneo, or Bax/p35. The relative
amount of release of fluorogenic product (AMC) from peptide substrate (DEVD-AMC) (AFU) in I h is shown in arbitrary fluorescence units.
In C, S. pombe cells were transformed with either pREP3X-Bax, pREP3X-Bak, or pREP3X parental plasmid, with or without pREP4X-p35 as
indicated. Cell lysates were prepared and tested for their ability to inhibit CPP32-mediated cleavage of DEVD-AMC. Specified amounts of
each extract were mixed and their ability to inhibit rCPP32 activity was assayed. Results are expressed as percentage of control which
corresponds to the activity obtained when rCPP32 is combined with extract from control vector-transformed cells (pREP). The degree of
inhibition obtained by addition of 2.5 ng of affinity-purified 6His recombinant p3 5 (rp35) is included for comparison. In D, 293 cells were
transfected as in B except 1 Ag of pRcCMV-LacZ LacZ expression vector was included with each transfection. Twenty-four hours after
transfection, cells were fixed and the presence of functional LacZ was detected with 5-bromo-4-chloro-3-indolyl-I3-t-galactopyranoside.
Percentage of dead cells was determined as the ratio of round (dead) blue cells to flat (live) blue cells.

malian cells when undergoing apoptosis (Oberham- Of relevance to this issue, genetic analyses of the
mer et al., 1993; Gromova et al., 1995; Lagarkova et al., nematode C. elegans, as well as investigations of some
1995). Such DNA fragmentation however was not de- mutant mammalian cell lines, have suggested that
tected in Dictyostelium, suggesting that programmed genomic digestion is not a-necessary requirement for
cell death can occur in at least some types of protist programmed and apoptotic cell death in animal cells
cells in the absence of nonrandom DNA degradation. '-<reviewed in Ellis, 1991; Ucker, 1991).
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The morphological features of yeast dying as a re- "apoptosis but which is not inhibited by p35 (Bump et
suit of Bax or Bak expression were not unique to these al., 1995; Quan et al., 1995; Tewari ct 0l., 1995). Also, it
proapoptotic Bcl-2 family proteins. For example, over- remains unknown at present whether all programmed
expression of the protein tyrosine phosphatase gene or apoptotic cell deaths in animal species require the
pypl in fission yeast resulted in a similar phenotype, actions of ICE/CED-3-like aspases.
but with a longer delay compared with Bax and Bak. The findings that 1) Bax can induce cell death in
Furthermore, cell death induced in the budding yeast both fission and budding yeast and that 2) Bcl-XL and
S. cerevisiae by overexpression of histone HI produces Bcl-2 can rescue yeast from the lethal actions of this
a very similar morphology (Miloshev et al., 1994). proapoptotic protein raise the possibility that at least
Thus, the cell death processes induced by a variety of some portions of the cell death mechanism- controlled
stressors, including Bax and Bak, may ultimately cul- by Bcl-2 family proteins may be evolutionarily con-
minate in a similar morphological phenotype in yeast, served even beyond animal species to simple unicel-

The cell death induced by Bax and Bak in S. pombe lular eukaryotes and perhaps plants. The question
differed from Bax-induced cell death in mammalian then is to what extent the biochemical processes reg-
cells in that no ICE/CED-3-like protease activities ulated by Bcl-2 family proteins in yeast resemble those
were detected and the baculovirus p3 5 protein could that are relevant to cell death control in animal cells.
not protect fission yeast from the lethal effects of Bak Similar to reports on mammalian cells, we observed
and Bax. In the nematode, C. elegans, loss-of-function that a mutant version of Bcl-2 (G145A) which fails to
mutations in ced-3, which encodes a cysteine protease heterodimerize with Bax was incapable of suppressing
with homology to ICE, results in a failure of all 131 Bax- or Bak-induced cell death in the fission yeast S.
programmed cell deaths that normally occur in this pombe. Also, a variety of loss-of-function mutants of
animal during development (Yuan et al., 1993). Con- Bcl-2 that either do or do not retain Bax-binding ac-
versely, loss-of-function mutations in the ced-9 gene, tivity were previously shown to be inactive at sup-
the worm homologue of bcl-2, cause massive develop- pressing Bax-mediated lethality in the budding yeast
mental cell death, which can be blocked by the bacu- S. cerevisiae (Hanada et al., 1995). Moreover, as shown
lovirus p35 protein (Hengartner et al., 1992; Sugimoto here, the Bak protein also functioned as a cell death
et al., 1994). Ectopic expression of the p35 protein in inducer in S. pombe, despite the fact that it shares only
the eyes of transgenic flies also protects from cell 19% amino acid sequence homology with Bax (Kiefer
death induced by overexpression of the cell death et al., 1995). In this regard, the recently reported three-
genes reaper and hid (Pronk et al., 1996; White et al., dimensional structure of the Bcl-XL protein has sug-
1996). In human cell lines, apoptosis induced via the gested that Bcl-2 family proteins may be pore-forming
cytokine receptors Fas/APO-1 (CD95) and tumor ne- molecules with similarity to certain bacterial toxins
crosis factor receptor type I can also be prevented by such as diphtheria toxin and bacterial colicins (Much-
p35 (Beidler et al., 1995). The p35 protein plays an more et al., 1996). Thus, the cell death mechanism
important role in the normal life cycle of baculovi- induced in S. pombe and S. cerevisiae by Bax and Bak
ruses, which depend at least in part on p35 for pre- potentially may be a reflection of an intrinsic activity
venting cell death and thus allowing viral replication of these proteins that requires no further cooperating
to occur in infected insect cells (Clem and Miller, proteins from yeast.
1994). The fact that p3 5 can rescue mammalian 293 Although these observations could be taken as evi-
cells from apoptosis induced by Bax expression but dence that Bax/Bak-induced cell death in fission and
cannot suppress Bax- and Bak-induced cell death in S. budding yeast has close parallels with mammalian
pombe suggests that the downstream events leading to systems, it is also possible that Bax and Bak trigger cell
cell death in fission yeast when expressing Bax or Bak death through mechanisms that are biochemically dis-
are distinct from those occurring after Bax overexpres- similar in yeast and animal cells. In this regard, we
sion in animal cells. have been unable to identify homologues of Bcl-2 and

These observations raise the possibility that the Bax in yeast by low-stringency hybridization and two-
ICE/CED-3 family cysteine proteases might have hybrid screening of genomic libraries, raising the pos-
arisen at a relatively late point in the evolution of cell sibility that yeasts do not normally rely on such pro-
death suicide mechanisms, after the division of the teins for regulating cell survival and death. These
plant and animal kingdoms. It should be noted, how- caveats notwithstanding, the data reported here and
ever, that other types of cell death-associated aspases elsewhere (Sato et al., 1994; Hanada et al., 1995; Green-
may be present in yeast which are both undetectable half et al., 1996) showing biological effects of Bcl-2
by the particular protease assays used here and are family proteins in yeast, when taken together with the
uninhibitable by p3 5. For example, cytolytic T-cells in recent x-ray crystallographic and NMR structural data
humans and rodents produce a serine protease, gran- for Bcl-XL, suggest' that yeast may provide a conve-
zyme B, with specificity for aspartic acid in the P1 nient background in which to perform certain types of
position of substrates which is a potent inducr of structure-function analyses of Bcl-2 family proteins.
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M$orcover, these simple organisms may provide im- Chittenden, T., Harrington, E.A., O'Connor, R., Flemington, C.,

portailit opportunities for probing the evolutionary or- Lutz; RJ., Evan, G.I., and Guild, B.C. (1``4bL Induction of apoptosis

g, ifs ot programmed cell death mechanisms. by the Bcl-2 homologue Bak. Nature 374, 733-73b.
Clem, R.J., and Miller, LK. (1994). Control of programmed cell
death bv the baculovirus genes p35 and iap. Mol. Cell. Biol. 14,
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Intensive study of processes that initiate, control, and execute the cell death program termed apoptosis has
resulted in a wealth of new information regarding how cells contribute to their own demise. The picture
emerging from these studies suggests a complex interplay between factors that promote cell death and those
that prevent cell death, the end result being life or death of the cell (for reviews, see Horvitz et al., 1994 iE;
Salvesen and Dixit, 1997 Elreferences therein). The most downstream components of the cell-death machinery
identified so far are proteases known as caspases, a class of cysteine proteases that cleave substrates following
aspartate residues. Most apoptotic processes, from those in the nematode Caenorhabditis elegans to those in
humans, result in activation of these proteases leading to cell death (Figure 1). The activity of caspases can be
regulated by a variety of cellular factors. Some, such as the C. elegans protein CED-4, the related mammalian
protein Apaf- 1, or the mammalian protein Fas, can activate caspases and are thus death promoters
(Shaham and Horvitz, 1996 IE; Salvesen and Dixit, 1997 IE; Zou et al., 1997 El). Others, such as C. elegans
CED-9 or mammalian Bcl-2 can inhibit activation of caspases. Yet other proteins, such as mammalian Bax,
which is similar to Bcl-2, seem to promote cell death in part by inhibiting the activities of death-preventing
proteins of the Bcl-2 family. Regulators such as Bax can, in turn, be inhibited by Bcl-2
(Korsmeyer et al., 1993 El) (Figure 1).
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death-promoting relatives of Bcl-2 promote cell death also remain obscure.

Two papers published in the current issue of Molecular Cell (Xu and Reed, 1998 [];
Matsuyama et al., 1998 19 provide a novel entry to understanding how Bax and Bcl-2 might function to
promote and prevent apoptosis, respectively. The authors describe the identification of two new components of
the cell-death pathway using the budding yeast Saccharomyces cerevisiae . Although budding yeast does not
exhibit apoptosis or contain homologs of Bcl-2 or caspases, Bax and a closely related death-promoting protein,
Bak, have been previously described to induce cell death both in this organism and in fission yeast. These
deaths can be inhibited by coexpression of Bcl-2. Furthermore, expression of mutant versions of Bax or Bak
that lack activity in mammalian cells do not result in yeast lethality (Zha et al., 1996 I[; Ink et al., 1997 [E).
These observations suggest that the same properties that cause Bax to kill mammalian cells are required for it
to kill yeast cells. Using a Bax gene whose expression is induced in the presence of galactose (pGal-Bax),
Xu and Reed, 1998 N] and Matsuyama et al., 1998 El searched for human cDNAs and yeast mutations,
respectively, that prevent Bax-induced cell death in galactose-containing medium. Their results support the
idea that yeast can be used as a vehicle for identifying metazoan cell-death factors.

Bax Inhibitor-1 (RI-1) Inhibits Mammalian Apoptosis
Xu and Reed, 1998 91 transformed pGal-Bax-containing yeast cells with a human cDNA library in which
cDNAs were fused to a constitutively active yeast promoter and isolated four cDNAs that prevent lethality on
galactose. Three encoded the same protein, termed BI-I (for Bax Inhibitor-1) and were studied further. The
BI-1 gene is identical to a previously isolated human gene of unknown function called TEGT (Testis
Enhanced Gene Transcript). Homologs of BI-1 are found in both rat and mouse as well as in the plant
Arabidopsis thaliana. Weak similarity was also found with a C. elegans gene, indicating that BI-1 is
conserved in evolution.

To determine if BI-I plays a role in mammalian apoptosis, the authors tested the ability of BI-1 to block cell
death induced by Bax overexpression, growth factor deprivation, etoposide, and staurosporine treatment of
cultured mammalian cells. They found that BI- 1 could inhibit cell death to a similar extent as Bcl-2, suggesting
that BI-1 might normally function to prevent mammalian apoptosis. Expression of antisense BI-1 RNA
induced apoptosis in approximately 20% of cultured 293 cells, supporting the notion that BI-1 is a mammalian
cell-death inhibitor. Evidence that BI- 1 is a key regulator of mammalian apoptosis could be supplied by
analysis of BI- 1-/- mice. Increased apoptosis in such knockout mice would provide strong support for the
importance of BI-1 as an inhibitor of apoptosis.

The observation that BI- 1 inhibits Bax-induced death in both mammalian cells and S. cerevisiae is remarkable.
These results are a clear validation of the approach used to identify genes affecting Bax activity. The screen
used by the authors does not appear to have been exhaustive, since one cDNA class isolated was represented by
only a single cDNA. Furthermore, at least one gene that should have been isolated, namely Bcl-2 (Figure 1),
was not recovered. Thus, continued screening would likely reveal additional cell-death inhibitors.

The BI-1 gene encodes a protein containing several putative transmembrane domains. Examination of BI-1
localization using GFP- or FLAG-tagged BI-1 revealed that these proteins are located primarily in the
endoplasmic reticulum (ER) membrane and nuclear envelope. Weak staining was also detected in
mitochondrial membranes. Interestingly, Bcl-2 had been previously localized to intracellular membranes
(reviewed by Kroemer, 1997 [A). Cell fractionation experiments performed by the authors reveal that tagged
BI-1 and Bcl-2 colocalize, suggesting that these proteins might interact. Support for this notion was provided
by both in vivo cross-linking and coimmunoprecipitation experiments.

How might BI-1 prevent cell death in mammalian cells? Based on the general scheme shown in Figure 1, the
primary action of BI-1 might be either to inhibit Bax or to stimulate Bcl-2 (Figure 2). If BI-I inhibits Bax
activity, it is unlikely to do so by direct association since the two proteins do not coimmunoprecipitate (Figure
2A). BI-1 could inhibit Bax activity without direct association, for example, by activating an inhibitor of Bax.
The ability of BI-1 to associate with Bcl-2 in vivo suggests that Bcl-2 could be such an inhibitor. Alternatively,
BI-1 could activate Bcl-2 to inhibit death in a Bax-independent manner (Figure 2B). Whether BI-1 activates
Bcl-2 could be tested by determining whether overexpression of BI-1 prevents the death of cells lacking Bcl-2.
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Although overexpression of RI-i1 prevented cell death induced by growth factor depletion and other conditions
(see above), it was unable to prevent apoptosis resulting from activation of Fas, a cell-surface receptor that
promotes cell death when activated. The Fas receptor is thought to promote cell death by activating a cascade
of caspases and can function in a Bcl-2-independent manner (Vaux and Strasser, 1996 [~l
Salvesen and Dixit, 1997 IN. RI-i is thus not a universal cell death inhibitor and apparently affects some
modes of apoptosis but not others.
Mitochondrial FoF 1 -ATPase- a Possible Role in Bax.Induced Apoptosis

In order to identify components required for Bax-induced cell death in yeast, Matsuyama et al., 1998 L[]
screened for yeast mutants that do not exhibit pGal-B ax-induced death on galactose-containing medium. The
authors isolated one recessive Rax-resistant yeast mutant and cloned the relevant gene by standard methods of
genetic complementation. The gene (ATP4) encodes a subunit of the yeast FoF 1-ATPase, a proton pump
required for aerobic respiration that is located in the inner mitochondrial membrane. Interestingly, recent
evidence has suggested an important role for mitochondria in some forms of apoptosis. Mitochondrial
cytochrome c can be detected in the cytoplasm of mammalian cells undergoing apoptosis, and, in association
with Apaf-1, a protein related to C. elegans CED-4, can activate certain caspases in vitro (Zou et al., 1997 r[]).
In addition, several members of the Bcl-2 family including Bcl-2 and Bax have been shown to associate with
the outer mitochondrial membrane in mammalian cells. Overproduction of Rcl-2 can prevent both cytochrome
c release and apoptosis in mammalian cells (reviewed by Reed, 1997 [•) When overexpressed in yeast, Bax is
primarily associated with the outer mitochondrial membrane and can also cause cytochrome c release
(Manon et al., 1997 !H), suggesting that Bax-induced death in yeast might share mechanistic similarities with
mammalian apoptosis.

A variety of observations support the argument that the FoF 1-ATPase is required for Bax-induced killing in
yeast. First, Matsuyama et al. demonstrated that interruption of the ATP4 coding sequence also suppressed
Bax-mediated killing, thus confirmning the results of their screen. Second, a mutation in a different subunit of
the FoF 1-ATPase also inhibited Bax-induced killing. Third, yeast cells exposed to oligomycin, a potent
inhibitor of the FoF 1-ATPase, did not undergo Bax-induced death. Fourth, mutant yeast cells unable to respire
via mitochondrial oxidative phosphorylation yet containing an intact FoF 1 -ATPase were not protected against
Rax killing. These experiments strongly suggest that the activity of the F0F1-ATPase, and probably not
respiration in general, is required for killing of yeast cells by Bax.

As with the paper by Xu and Reed, 1998 []i, Matsuyama et al. tested the relevance of their discoveries in
mammalian cells, where Rax normally acts. Strikingly, the authors showed that death of mammalian cells
induced by Rax could be partially inhibited by oligomycin but not by antimycin, a drug affecting
mitochondrial respiration. Caspase activation during Bax-induced cell death was also inhibited by oligomycin.
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These results mirror the yeast experiments and suggest that Bax activity in mammalian cells may at least
partially require a functional FoF 1-ATPase. It would be interesting to test if the FoF 1-ATPase is required for

cell death other than that induced by Bax in both mammals and yeast. If so, this protein complex might define
a key step of the cell death process.

The FoF 1-ATPase might promote Bax-induced killing in mammals and in yeast by activating Bax, by being a

target of Bax activity, or by acting in parallel to Bax (Figure 3). The data presented by the authors do not
allow discrimination among these possibilities. Bax and other Bcl-2 family members have been shown to form
pores when inserted into membranes (Schlesinger et al., 1997 ireferences therein). It is thus possible that the
interaction between Bax and the FoF1-ATPase, a proton pump, reflects a role for ion transporters in apoptosis.

The FoF 1-ATPase is localized to the inner mitochondrial membrane. Intriguingly, cytochrome c is located in

the intermembrane space of mitochondria and can interact with some proteins of the mitochondrial inner
membrane. Thus, if cytochrome c release into the cytoplasm plays a causal role in mammalian and yeast cell
death, then the FoF 1-ATPase might be necessary for this release.
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Yeast and Apoptosis
The requirement for the FoF 1 -ATPase in Bax-induced death of yeast cells suggests that yeast may contain
additional conserved components of an apoptotic pathway. Reports in the literature suggest that death of either
budding or fission yeast in response to overexpression of Bak or mutation of the budding yeast CDC48 gene
result in chromatin condensation, DNA degradation and membrane blebbing-- cellular features that are
hallmarks of metazoan apoptosis (Ink et al., 1997 I• Madeo et al., 1997 fIl. In addition, Bcl-2 has been
reported to improve viability of yeast mutants defective in SOD1 under some growth conditions. SOD1 codes
for the cytoplasmic Cu-Zn superoxide dismutase, which functions in detoxifying free radicals. These results
are similar to those in mammalian cells and suggest that Bcl-2 might have antioxidant properties (Long et al.,
1997). It is thus possible that molecular pathways leading to certain subphenotypes of apoptotic cells are
present in yeast cells. Conservation of a number of functional modules between yeast and mammals is certainly
striking. Yeast cells harbor modules such as MAP kinase cascades, GTPases and their exchange factors, and G
proteins and their regulators, which have shed light on analogous mammalian processes even though the
components may be used in different functional contexts. Similar modules might exist in metazoan apoptotic
pathways.

Even though yeast does not contain obvious homologs of known metazoan cell-death regulators, there are a
variety of strategies that could be used to look for yeast products involved in yeast cell death. Proteins that
inhibit cell death (BI-1 analogs) could be identified by looking for yeast genes whose overexpression inhibits
Bax-mediated killing. Such proteins could also be discovered by looking for genes whose inactivation results
in lethality that is suppressed by expression of a metazoan death inhibitor such as Bcl-2. Conserved
components of a cell death pathway (Bax analogs) could also be identified by screening for yeast genes whose
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4. I
expression kills yeast cells in an F0F,-ATPase-dependent manner. Finally, experiments similar to those
described in Xu and Reed, 1998 [M and Matsuyama et al., 1998 [EI could be carried out on yeast cells induced to
die by expression of metazoan death promoters other than Bax.

The current picture of apoptosis has been developed from studies of a variety of organisms- nematodes, flies,
and animal cells. The papers reviewed here suggest that using yeast to study apoptosis might be richly
rewarding. Studying metazoan cell death in yeast may thus turn into a major growth (death) industry.

Horvitz, H.R., Shaharn, S., and Hengartner, M.O. (1994). Cold Spring Harb. Symp. Quant. Biol. 59, 377-385.

Ink, B., Z6ring, M., Baum, B., Hajimagheri, N., James, C., Chittenden, T., and Evan, G. (1997). Mol. Cell.
Biol. 17, 2468-2474.[Medlinel

Korsmeyer, S.J., Shutter, J.R., Veis, D.J., Merry, D.E., and Oltvai, Z.N. (1993). Semin. Canc. Biol. 4,
327-3 32.

Kroemer, G. (1997). Nature Med. 3, 6 14-620.

Longo, V.D., Ellerby, L.M., Bredesen, D.E., Valentine, J.S., and Gralla, E.B. (1997). J. Cell Biol. 137,
158 1-1588.rMedlinel

Madeo, F., Fr6hlich, E., and Fr6hlich, K.-U. (1997). J. Cell Biol. 139, 729-734.iMedlinel

Manon, S., Chaudhuri, B., and Budrin, M. (1997). FEBS Lett. 415, 29-32.[Medlinel

Matsuyamna, S., Xu, Q., Velours, J., and Reed, J.C. (1998). Mol. Cell. 1, 327-336.

Reed, J.C. (1997). Cell. 91, 559-562.[Full Text]

Salvesen, G.S., and Dixit, V.M. (1997). Cell. 91, 443-446.rFull Text]

Schlesinger, P.H., Gross, A., Yin, X.M., Yamamoto, K., Saito, M., Waksman, G., and Korsmeyer, S.J.
(1997). Proc. Natl. Acad. Sci. USA. 94, 11357-1 1362.[Medlinel

Shaharn, S., and Horvitz, H.R. (1996). Genes Dev. 10, 578-591.[Medijnel

Vaux, D.L., and Strasser, A. (1996). Proc. Natl. Acad. Sci. USA. 93, 2239-2244.rMedlinel

Xiang, J., Chao, D.T., and Korsmeyer, S.J. (1996). Proc. Natl. Acad. Sci. USA. 93, 14559-14563.[Medlinel

Xu, Q., and Reed, J.C. (1998). Mol. Cell. 1, 337-346.

Zha, H., Fisk, H.A., Yaffe, M.P., Mahajan, N., Herman, B., and Reed, J.C. (1996). Mol. Cell. Biol. 16,
6494-6508.[Medlinel

Zou, H., Henzel, W.J., Liu, X., Lutschg, A., and Wang, X. (1997). Cell. 90, 405-413.[Summary/FUll Text]

Page: 5


